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I. INTRODUCTION
Giant magnetoresistance (GMR) is one of the most fascinating discoveries in thin-film magnetism, which combines both tremendous technological potential and deep fundamental physics. Within a decade of GMR being discovered in 1988 commercial devices based on this phenomenon, such as hard-disk read-heads, magnetic field sensors and magnetic memory chips, had become available in the market. These achievements would not have been possible without a detailed understanding of the physics of GMR, which requires a quantum-mechanical insight into the electronic spin-dependent transport in magnetic structures.
The discovery of GMR was to a great extent due to the significant progress in thin-film deposition techniques, which made it possible to fabricate layers of various materials with nearly a monolayer precision. Thin films of a nanometer thickness can nowadays be routinely fabricated using molecular beam epitaxy (MBE), sputtering and electrodeposition. By stacking such thin films in multilayers one can create layered systems with properties, which are totally distinct from those of the constitutive bulk materials. Metallic magnetic multilayers, which consist of several ferromagnetic layers separated by non-magnetic layers, are very attractive as they exhibit a broad variety of unique electronic, magnetic, and transport properties.
Like other magnetoresistive effects, GMR is the change in electrical resistance in response to an applied magnetic field. It was discovered that the application of a magnetic field to a Fe/Cr multilayer resulted in a significant reduction of the electrical resistance of the multilayer. 1 This effect was found to be much larger than either ordinary or anisotropic magnetoresistance and was, therefore, called "giant magnetoresistance" or GMR. A similar, though diminished effect was simultaneously discovered in Fe/Cr/Fe trilayers. 2 As was shown later, high magnetoresistance values can also be obtained in other magnetic multilayers, such as Co/Cu. The change in the resistance of the multilayer arises when the applied field aligns the magnetic moments of the successive ferromagnetic layers, as is illustrated schematically in Fig.1 . In the absence of the magnetic field the magnetizations of the ferromagnetic layers are antiparallel. Applying the magnetic field, which aligns the magnetic moments and saturates the magnetization of the multilayer, leads to a drop in the electrical resistance of the multilayer.
In order to observe GMR one has to provide an opportunity to reorient the magnetic moments of the ferromagnetic layers relative to one another. In magnetic multilayers this can be achieved due to the effect of antiferromagnetic interlayer coupling, 3 which is a particular case of interlayer exchange coupling. The interlayer exchange coupling is mediated by the itinerant electrons in the metallic spacer layer and is an analogue of the Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction between localized magnetic moments in a non-magnetic host metal. The interlayer exchange coupling oscillates between ferromagnetic and antiferromagnetic as a function of the thickness of the nonmagnetic layer. 4 By choosing an appropriate thickness of the non-magnetic layer it is, therefore, possible to create an antiparallel configuration of the ferromagnetic layers and then reorient (align) the moments by an applied magnetic field.
The presence of an antiferromagnetic interlayer coupling is not, however, a necessary condition for GMR to occur. Antiparallel alignment can also be obtained by introducing different coercivities of the successive ferromagnetic layers. [5] [6] [7] In this case the magnetic moments of the soft and hard magnetic layers switch at different values of the applied magnetic field providing a field range in which they are antiparallel and the resistance is higher. Another way to change the alignment of the magnetizations is to use a spin valve. 8 In the spin valve the magnetization of one ferromagnetic layer is pinned by the exchange coupling with an adjacent antiferromagnetic layer, whereas the magnetization of the other ferromagnetic layer is free to rotate with the applied magnetic field. Although the measured values of GMR are higher in magnetic multilayers, spin valves are more attractive from the point of view of applications, because only small magnetic fields need to be applied to change the resistance. Magnetic granular solids represent another system, which displays 3 the GMR effect. 9 In these materials ferromagnetic precipitates are embedded in a non-magnetic host metal film. The randomly-oriented magnetic moments of the precipitates can be aligned by the applied magnetic field which results in a resistance drop. The various types of systems in which GMR is observed are shown in Fig.2 .
GMR is distinguished from both ordinary magnetoresistance and anisotropic magnetoresistance (AMR) which are also present in layered and granular magnetic systems. Ordinary magnetoresistance arises from the effect of the Lorentz force on the electron trajectories due to the applied magnetic field. In contrast to GMR, it does not saturate at the saturation magnetic field and is usually small in metals (less than 1% in fields of the order of 1 Tesla). AMR originates from the spin-orbit interaction and causes the resistance to depend on the relative orientations of the magnetization and the electric current. The magnetic field range in which the AMR effect occurs is governed by the field needed to change the direction of the magnetic moment. For example, permalloy (Ni 80 Fe 20 ) films, which are presently employed in sensor applications, exhibit the AMR effect of 1-2%, the resistance change taking place in a field range of a few Gauss. 10 Contrary to anisotropic magnetoresistance, GMR arises due to the dependence of the resistivity in layered and granular magnetic structures on the local magnetic configuration rather than on the orientation of the applied magnetic field with respect to the electric current.
In addition to ordinary, anisotropic and giant magnetoresistance, there also exists "colossal" magnetoresistance (CMR) which was found in doped manganite perovskites such as La 3-x Ca x MnO 3 (for a recent review see ref. 11 ). The CMR effect can be extremely large resulting in a resistance change of a few orders in magnitude. CMR originates from a metal-insulator transition in the vicinity of the Curie temperature and requires magnetic fields of the order of several Tesla. The latter property makes the applicability of CMR materials fairly limited. On the other hand, tunneling magnetoresistance (sometimes referred to as junction magnetoresistance) aroused considerable interest recently due to possible applications in the magnetic sensor and storage industry. Tunneling magnetoresistance (TMR) is observed in magnetic tunnel junctions, in which ferromagnetic metallic layers are separated by a thin insulating spacer layer (for recent reviews see ref. 12 ). Similar to GMR, TMR is determined by the relative orientation of the magnetic moments of the ferromagnetic layers. Although both these phenomena may have similar applications, they are very distinct from the point of view of the physics involved. GMR is observed in magnetic metallic multilayer structures and Various structures in which GMR can be observed: magnetic multilayer (a), pseudo spin valve (b), spin valve (c) and granular thin film (d). Note that the layer thickness is of the order of a few nanometers, whereas the lateral dimensions can vary from micrometers to centimetres. In the magnetic multilayer (a) the ferromagnetic layers (FM) are separated by nonmagnetic (NM) spacer layers. Due to antiferromagnetic interlayer exchange coupling they are aligned antiparallel at zero magnetic field as is indicated by the dashed and solid arrows. At the saturation field the magnetic moments are aligned parallel (the solid arrows).
In the pseudo spin valve (b) the GMR structure combines hard and soft magnetic layers. Due to different coercivities, the switching of the ferromagnetic layers occurs at different magnetic fields providing a change in the relative orientation of the magnetizations. In the spin valve (c) the top ferromagnetic layer is pinned by the attached antiferromagnetic (AF) layer. The bottom ferromagnetic layer is free to rotate by the applied magnetic field. In the granular material (d) magnetic precipitates are embedded in the non-magnetic metallic material. In the absence of the field the magnetic moments of the granules are randomly oriented. The magnetic field aligns the moments in a certain direction. therefore the physics of GMR is related to spin-dependent electronic transport in complex metal systems. On the other hand, TMR is observed in layered systems where magnetic metallic layers are separated by an insulating spacer layer and is a consequence of spin-polarized tunneling. Most experiments on GMR are performed by measuring the electric current in the plane of the multilayer, i.e. within the current-in-the-plane (CIP) geometry. This geometry is currently used for the industrial applications of GMR. Measuring the current perpendicular to the multilayer plane, i.e. within the current-perpendicular-to-the-plane (CPP) geometry, is much more difficult. This is due to the very small thickness of the multilayer and consequently the very low CPP resistance, which is not easy to detect. There are several ways to solve this problem, one of which is to perform the experiments using superconducting contacts. 13 Although this technique has the advantage of relatively simple sample preparation, measurements can be performed only at low temperatures. Other techniques, which avoid this problem, are based on lithographically defined pillar structures, 14 on growing the magnetic multilayers on prestructured (grooved) substrates 15, 16 ( Fig.3a) or on electrodeposition of the multilayer nanowires into the pores of an insulating polymer matrix 17, 18 ( Fig.3b) . CPP GMR appeared to be very attractive, because its magnitude is higher than the corresponding magnitude of CIP GMR. In addition we will see that CPP experiments provide important information about the mechanisms of giant magnetoresistance.
Since the discovery of GMR the theoretical treatment of this effect became the subject of much attention. First theories of GMR were based mainly on free-electron models. Although these theories are useful for the qualitative understanding of electronic transport in magnetic multilayers and can provide valuable insight into the phenomenon, they cannot be applied to the quantitative treatment of GMR, due to the complex spin-polarized electronic structure of the magnetic multilayers. It is wellknown that the band structures of transition metal ferromagnets which are mostly used in the GMR structures are characterized by unfilled d bands which can not be described by a single parabolic band at the Fermi energy. Recent advances in electronic transport and band structure theory have made it possible to develop realistic multiband models and perform first-principle calculations of GMR. Techniques for current-perpendicular-to-the-plane (CPP) GMR, which can be used at room temperature: grooved substrates and nanowires. (a): Schematic representation of the grooved InP substrate and a multilayer evaporated at an angle to the surface. Current flow is indicated by the arrows. After Gijs et al. 16 (b): Schematic representation of the array of multilayer nanowires in an insulating polymer matrix. After Piraux et al. 18 Polycarbonate 40nm
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( 1 1 1 ) aligned magnetic layers (the top panel in Fig.4a ), the up-spin electrons pass through the structure almost without scattering, because their spin is parallel to the magnetization of the layers. On the contrary, the down-spin electrons are scattered strongly within both ferromagnetic layers, because their spin is antiparallel to the magnetization of the layers. Since conduction occurs in parallel for the two spin channels, the total resistivity of the multilayer is determined mainly by the highly-conductive up-spin electrons and appears to be low. For the antiparallel-aligned multilayer (the top panel in Fig.4b ), both the up-spin and down-spin electrons are scattered strongly within one of the ferromagnetic layers, because within the one of the layers the spin is antiparallel to the magnetization direction. Therefore, in this case the total resistivity of the multilayer is high.
The same arguments can be used for understanding GMR in granular materials. In the absence of a magnetic field, the magnetic moments of the ferromagnetic granules are randomly-oriented. This implies that both up-and down-spin electrons are scattered strongly by the granules, the magnetic moments of which are close to antiparallel. The resistance in this case is large. When a saturating magnetic field is applied, the magnetic moments are aligned and the resistance is low, like in the case of the parallel-aligned multilayer.
Therefore, as was originally suggested by Baibich et al., 1 spin-dependent scattering is the primary origin of GMR. An understanding of the microscopic mechanisms, which cause spin-dependent scattering in magnetic systems, is one of the most important questions, which this review attempts to answer. In addition, we will see that there are other mechanisms distinct from spin-dependent Fig.4 Schematic illustration of electron transport in a multilayer for parallel (a) and antiparallel (b) magnetizations of the successive ferromagnetic layers. The magnetization directions are indicated by the arrows. The solid lines are individual electron trajectories within the two spin channels. It is assumed that the mean free path is much longer than the layer thicknesses and the net electric current flows in the plane of the layers. Bottom panels show the resistor network within the two-current series resistor model. For the parallel-aligned multilayer (a), the up-spin electrons pass through the structure almost without scattering, whereas the down-spin electrons are scattered strongly within both ferromagnetic layers. Since conduction occurs in parallel for the two spin channels, the total resistivity of the multilayer is low. For the antiparallel-aligned multilayer (b), both the up-spin and downspin electrons are scattered strongly within one of the ferromagnetic layers, and the total resistivity of the multilayer is high.
up spin down spin up spin down spin a b 8 scattering which are important for understanding GMR and which will also be addressed in this review. We start now from a qualitative picture for the spin-dependent conduction in ferromagnets.
Spin-dependent conduction
According to Mott's first argument, the conductivity of a metal is the sum of the independent conductivities for the up-spin and down-spin electrons:
Within each conduction channel the conductivity is determined by various factors. In order to illustrate their role we use the Drude formula (e.g., ref. 30 ) which can be expressed as follows:
(1.2)
Here σ Drude is the Drude conductivity per spin, π / 2 e ≈0.387⋅10 -4 Ω -1 is the spin conductance quantum, k F is the Fermi momentum, and λ is the mean free path, which is the product of the relaxation time τ and the Fermi velocity v F , i.e.
λ=v F τ.
(1.3)
We do not display explicitly the spin indices here -it is assumed that all the above quantities are in general spin-dependent. Although the Drude formula is valid only for free electrons, it is useful to understand qualitatively the factors affecting the spin-dependent conductivity. The conductivity is determined by the electrons which have the Fermi energy. Due to the Pauli exclusion principle the electrons which lie below the Fermi level can not gain energy responding to the small applied electric field, because all the states at higher energies are occupied. As a consequence, only electrons at the Fermi level can contribute to the electric current. As can be seen from Eq.(1.2), the conductivity is proportional to the cross sectional area of the Fermi surface 2 F k , which characterizes the number of electrons contributing to the conduction. The mean free path depends of the Fermi velocity and the relaxation time, the latter can be estimated from the (1.4)
is an average value of the scattering potential and n(E F ) is the density of electronic states at the Fermi energy E F for the appropriate spin. Although all the quantities which enter expressions (1.2)-(1.4) are in general spin-dependent, the origin of the spin dependence is different. The Fermi momentum k F and the Fermi velocity v F are intrinsic properties of the metal and entirely determined by the electronic band structure of the metal. In ferromagnetic metals these quantities are different for the up-and down-spin electrons. The density of states at the Fermi energy n(E F ) is also determined by the spin-polarized band structure. It is the density of states, which was referred to by Mott, arguing that the scattering rates in ferromagnetic metals are spin-dependent.
On the contrary, the scattering potential which enters Eq.(1.4) is not an intrinsic property of the metal. It is generated by the scatterers such as defects, impurities, or lattice vibrations. The scattering potential can be either spin-dependent or spin-independent, which is determined by the particular mechanism of scattering. For example, spin-dependent scattering potentials produced by impurities in dilute magnetic alloys leads to the spin asymmetry of the conductivity in these alloys. [31] [32] [33] This has to be taken into account when treating GMR in magnetic layered systems in which ferromagnetic layers are often alloys such as permalloy Ni 80 Fe 20 . Spin-dependent scattering potentials might also 9 contribute to GMR at the interfaces between ferromagnetic and non-magnetic layers. In real magnetic multilayers these interfaces are not ideal. Interfacial roughness and/or substitutional disorder (i.e. mixing of the adjacent metal atoms at the interface) are always present in experiments. Randomness of the atomic potentials at the interface results in enhanced interfacial scattering. If for one spin orientation the atomic potentials of the magnetic and nonmagnetic atoms are similar but for the other spin orientation they are dissimilar, then one would expect a strong spin-dependent scattering due to the spin dependence in the scattering potential.
The relative importance of spin-dependent scattering potentials can, however, be diminished in real GMR structures which are far from being perfect. Various types of defects such as grain boundaries, stacking faults and misfit dislocations are always present in the multilayers. Because the relaxation time in Eq.(1.4) is determined by the configurationally-averaged value of the scattering potential squared, various types of scattering centers can make this average value spin-independent. In these circumstances the spin-polarized band structure of the multilayer becomes decisive and usually gives the dominant contribution to the spin dependence of the mean free path and the conductivity.
Role of band structure
The electronic band structure of the multilayer is probably the most important property which determines the spin-dependent conduction and consequently is responsible for the GMR. In most experiments on GMR the ferromagnetic 3d transition metals Co, Fe and Ni, and their alloys, such as permalloy Ni 80 Fe 20,  are used in combination with non-magnetic spacer layers, such as Cr or the noble metals Cu, Ag and Au. The electronic band structure of these metals is characterized by a number of similar features which we discuss below.
Due to the spin-orbit coupling of the 3d transition metals being very weak the electronic structure for the up-spin and down-spin electrons can be considered independently. The 3d elements are characterized by the presence of the 4s, 4p and 3d valence states, which are distinguished by their orbital momentum. The 4s and 4p states create a dispersive sp band which is similar to a free-electron band. The sp electrons have a high velocity, a low density of states and consequently a long mean free path, i.e. they may be thought to be mainly responsible for the conductivity in 3d metals. On the contrary, the d band is localized in a relatively narrow energy window and is characterized by a high density of states and a low velocity of electrons. In the interval of energy where the sp and d bands cross, they can not be considered as independent because of the strong sp-d hybridization, which modifies substantially the band structure. It changes dramatically the properties of the sp electrons, which is reflected in the band bending and results in a reduced velocity associated with the sp band. These features are evident from Fig.5a , in which the electronic band structure of Cu is shown.
In ferromagnetic 3d metals the d band is exchange-split. Due to the localized nature of the d electrons, two d electrons experience a strong Coulomb repulsion provided that they have antiparallel spins and occupy the same orbital. To reduce the energy it is advantageous for the d electrons to have parallel-oriented spins, because the Pauli exclusion principle does not permit two electrons with the same spin to approach each other closely (i.e. occupy the same orbital) and hence the Coulomb interaction is reduced. Therefore, the Coulomb repulsion in conjunction with the Pauli principle leads to the ferromagnetic exchange interaction and favors the formation of a spontaneous magnetic moment. However, putting all the electrons into states with the same spin direction increases the total kinetic energy, the increase being larger the wider the d band or lower the d-band density of states. There are, therefore, two competing tendencies, which have to be balanced in order to find whether ferromagnetic ordering is favored. The condition which has to be satisfied for the appearance of ferromagnetism is the famous Stoner criterion Jn(E F )>1, where J is the exchange constant (which takes the value of about 1eV for 3d transition metals) and n(E F ) is the density of states for a given spin at the Fermi energy. 34 The Stoner criterion is satisfied for bcc Fe, fcc Co and fcc Ni. Due to the exchange splitting of the d bands, the number of occupied states is different for the up-spin and down-spin electrons, giving rise to the non-zero magnetic moments of 2.2µ B, 1.7µ B and 0.6µ B for Fe, Co and Ni respectively. In order to distinguish between the high and low-occupied spin states, the terms 'majority-spin electrons' and 'minority-spin electrons' are usually used. The band structure of Co as a representative of the ferromagnetic 3d metals is shown in Figs.5b,c.
The conductivity is determined by the position of the Fermi energy with respect to the d bands. In the case of Cu, the d bands are fully occupied and the Fermi level lies within the sp band (Fig.5a ). Due to the high velocity of the electrons within the sp band and the low density of states with Fig.5 Electronic band structures (left panels) and the density of states (right panels) of Cu (a) and fcc Co for the majority-spin (b) and minority-spin (c) electrons. The band structure of non-magnetic Cu is same for the up-spin and down-spin electrons. It is characterized by the fully occupied d bands and the presence of a dispersive sp band at the Fermi energy, which result in high conductivity of Cu. The electronic structure of ferromagnetic Co is different for the two spin orientations and is characterized by the exchange-split d bands. The Fermi level lies within the sp band for the majority-spin electrons, which leads to high conductivity of majority-spin channel. The Fermi level lies, however, within the d band for the minority-spin electrons resulting in low conductivity of the minority-spin channel. In the latter case the sp electrons are strongly hybridized with the d electrons, which diminishes their contribution to conduction. resultant low probability of scattering, the mean free path is long and Cu is a very good conductor. This is also the case for the other noble metals Ag and Au. On the other hand, in the case of a ferromagnetic metal like Co, as a result of the exchange splitting, the majority d band is fully occupied, whereas the d minority band is only partly occupied (Fig.5b,c) . The Fermi level lies, therefore, within the sp band for the majority spins but within the d band for the minority spins. The exchange splitting of the spin bands leads to a crucial difference in the conductivity between the majority-and minority-spin electrons. For the majority spins the situation is similar to that in Cu: the conductivity is governed by the sp electrons and is high. On the contrary, the conductivity of the minority-spin electrons is not entirely determined by the sp electrons. Due to the strong sp-d hybridization which mixes the sp and d states the contributions of both the sp and d electrons become important. The minority bands represent hybridized spd bands which are not dispersive and have a high density of states. This makes the mean free path associated with these bands relatively short and the minority-spin conductivity low, despite a sizeable factor proportional to the area of the multiband Fermi surface. These arguments, which are based on the spin-polarized band structure, explain the strong spin asymmetry in the conductivity of bulk Co.
The presence of the interfaces in a magnetic multilayer adds a new important feature to our discussion above of spin-dependent transport in bulk elemental ferromagnets. The two adjacent metals creating the interface have different band structures, which lead to a potential step at the interface and results in the transmission probability across the interface being less than 1. If the interface separates ferromagnetic and non-magnetic metals the transmission will be spin-dependent due to the spin dependence of the band structure of the ferromagnetic layer. This can be illustrated by considering the band structures of Co and Cu, which are shown in Fig.5 . As is seen by comparing Fig.5a and 5b, the band structure of Cu is similar to the band structure of the majority spins in Co. This good band matching implies a high transmission for the majority-spin electrons across the Co/Cu interface. On the contrary, as is seen from Fig.5a and 5c, there is a relatively large band mismatch between Cu and the minority spins in Co and consequently the transmission of the minority-spin electrons across the Co/Cu interface is expected to be poor. Therefore, the interfaces of the Co/Cu multilayer act as spin-filters. When the filters are aligned, the majority spin-electrons can pass through relatively easily. When the filters are antialigned, the electrons in both spin channels are reflected at one of the interfaces. This spin-dependent transmission is an important ingredient of the electronic transport in GMR structures.
Band matching also plays an important role in the spin-dependent interface scattering due to the intermixing of atoms near the interfaces. If we ignore the change in the chemical state of the atoms, i.e. assume that their atomic energy levels and magnetic moments are identical to those in the bulk of the adjacent layers, then the intermixing at the interface produces a random potential which is strongly spin-dependent. This spin dependence is a direct consequence of the good band matching for the majority spins in Co/Cu, which implies a small scattering potential, and the poor band matching for the minority spins in Co/Cu, which implies a large scattering potential. A similar behavior takes place in Fe/Cr multilayers, where a very small scattering potential (good band matching) is expected for the minority-spin electrons, but a large scattering potential (bad band matching) is expected for the majority-spin electrons. Thus, the matching or mismatching of the bands between the ferromagnetic and nonmagnetic metals results in spin-dependent scattering potentials at disordered interfaces, which can contribute to GMR.
Resistor model
Physical insight into the origin of the current-in-the-plane (CIP) GMR can be obtained using the very simple resistor model. 35, 36 Although this model is not able to provide a quantitative description of the CIP GMR, it is useful as a starting point for understanding this phenomenon.
According to the resistor model each metallic layer (and each interface) is treated as an independent resistor. Within each spin conduction channel the resistors are added in parallel or in series depending on the relationship between the mean free path and the layer thickness. If the mean free path is short compared to the layer thickness, then each layer conducts the electric current independently and the resistors should be added in parallel. It is obvious that under this circumstance the resistance of the parallel and antiparallel configurations are the same and consequently the GMR is zero. The above observation indicates that for obtaining non-zero GMR the mean free path should be sufficiently long. This is consistent with the qualitative picture of GMR (the top panels of Fig.4) , which is based on the possibility for the electrons to propagate across the spacer layer freely, sensing the magnetizations of the two consecutive ferromagnetic layers. In the limit the long mean free path being long compared to the layer thickness, the probability of scattering within the multilayer is the sum of scattering probabilities within each layer and each interface. 37 Therefore, within a given spin channel the total resistance is the sum of resistances of each layer and each interface, i.e. the resistors are connected in series. This limiting case is more relevant to the magnetic multilayers exhibiting giant magnetoresistance.
In order to build up the resistor network for the multilayer, we consider a unit cell which consisting of the four layers, two ferromagnetic and two non-magnetic, as is shown in the top panels of Fig.4a and 4b . We choose the global spin-quantization axis collinear to the magnetization directions. Within each ferromagnetic layer the electron spin can be either parallel or antiparallel to the magnetization direction. In the former case the electron is locally a majority-spin electron and in the latter case a minority-spin electron. The majority-and minority-spin resistivities of the ferromagnetic layer are different and are equal to ↑ ρ and ↓ ρ respectively. The resistance of the bilayer, which consists of the ferromagnetic layer and the spacer layer, for either of the two spin channels is equal to
where NM ρ and NM d denote the resistivity and the thickness of the non-magnetic spacer layer and FM t is the thickness of the ferromagnetic layer. For simplicity the interface resistance between the ferromagnetic and spacer layers has been omitted. Using the resistances which are defined by Eq.(3.1) the equivalent network of resistors for the parallel and antiparallel magnetizations are shown in the bottom panels of Figs.4a and 4b. The total resistance of the parallel-aligned multilayer is then given by 2) where N is the number of the four-layer unit cells within the multilayer. The total resistance of the antiparallel-aligned multilayer equals to
Thus, the magnetoresistance ratio is determined by the simple expression
Note that we use a definition in which GMR is normalized to the low resistance R P . Although within this definition the GMR can be larger than 100%, this definition is used in most papers devoted to GMR, and therefore we adopt it in this review.
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Using Eqs. (3.1) and (3.4) , it is easy to pinpoint the main factors which determine GMR. Let us first assume that the resistance of the spacer layer is small as compared to the resistance of the ferromagnetic layers. In this limit the expression for GMR is
where the spin asymmetry parameter is defined by
As is obvious from Eq. (3.5), the magnitude of GMR is strongly dependent on the asymmetry in the resistivity between the two spin conduction channels in ferromagnetic layers. Large asymmetry, i.e. α>>1 or α<<1, is an important requirement for obtaining high values of GMR. If there is no spin asymmetry in the resistivity of the two spin channels, i.e. α=1, then the GMR will be zero. Now we use Eq.(3.5) to make an estimate of GMR in Co/Cu and Fe/Cr multilayers. If we assume that α is entirely determined by the spin asymmetry in the scattering rates in Eq.(1.4), due to the spindependent density of states at the Fermi energy, we find α≈7 for Co and α≈3 for Fe. For the Co/Cu multilayer this leads to a GMR value of 130%, which is very close to the best published experimental result of 120%. 38 However, for Fe/Cr Eq.(3.5) gives a GMR of 30%, which is far below the highest ever observed value of 220%. 39 This is not surprising because the above model is too simplified as GMR depends on many other factors such as the properties of the FM/NM interface which were ignored in this estimate.
The finite resistance of the spacer layer may also be taken into account, which leads to
where
. Hence, for a given value of α, the GMR will increase with decreasing
. Therefore, in order to obtain higher GMR, it is important to have a low resistivity of the non-magnetic spacer layer. As a function of the spacer thickness d NM , the GMR decreases monotonically and at large spacer thickness it falls off as 2 / 1 NM d . Although the drop in GMR with increasing spacer thickness is also found in experiments, the actual dependence on d NM is different compared to this simplified model. As discussed later, the CIP GMR is found to decrease exponentially with d NM for large spacer thicknesses. The reason for this disagreement is that the series-resistor model is not applicable for d NM large compared to the mean free path. In the latter case, more sophisticated models have to be applied.
The series-resistor model is able to account for the inverse GMR effect. 40 Eq.(3.5) suggests that the resistance of the parallel configuration is always smaller than the resistance of the antiparallel configuration. In most cases this statement is correct. However, there are exceptions. This can be seen, by considering a multilayer, which comprises different ferromagnetic layers. As is easy to show, in this case the GMR equals to
where α 1 and α 2 are the asymmetry parameters for the two different ferromagnetic layers, i.e.
, and q is the ratio of the up-spin resistivities in the two ferromagnets, i.e.
. It is clear from Eq.(3.7) that in the case when the two ferromagnetic layers have different asymmetries in resistivity, i.e. α 1 >1 and α 2 <1 or vice versa, then one can expect an inverse GMR.
The series-resistor model can be readily generalized to include spin-dependent interface resistances, by adding additional resistors in the network. As will be discussed in section VI, this model is a better approximation for the description of GMR within the CPP geometry, [41] [42] [43] rather than the CIP geometry discussed here. For this reason it has often been used to obtain values of the spindependent bulk and interface resistances from CPP experimental data.
III. EXPERIMENTAL SURVEY
In this section we overview the main experimental results on GMR. Where it is not specified, we discuss the current-in-the-plane (CIP) geometry. A separate section VI will be devoted to GMR within the current-perpendicular-to-the-plane (CPP) geometry.
Giant magnetoresistance was discovered in 1988 by the group of Albert Fert on Fe/Cr magnetic multilayers 1 and the group of Peter Grünberg on Fe/Cr/Fe trilayers. 2 In both cases the samples were grown using MBE and had [001] orientation of the layers. The Cr spacer layers were about 1 nm thick, so that the Fe layers were coupled antiferromagnetically providing an antiparallel alignment of their magnetizations at zero applied magnetic field. As the applied field is increased, the magnetic moments of the ferromagnetic layers progressively rotate towards the field, leading to a decrease in the resistance of the multilayer (trilayer). At saturation the magnetizations end up in a configuration of parallel alignment with the lowest value of the resistance. Fig.6 shows the variation in the resistance of the Fe/Cr multilayer measured by Baibich et al. 1 The highest magnitude of GMR in these experiments was found of 79% (using the definition of GMR given by formula (2.7)) at T=4.2K. The GMR effect was ascribed to the spin-dependent transmission of the conduction electrons between the Fe and Cr layers.
In 1990 a significant step towards the industrial application of GMR was made by Parkin et al. 4 who demonstrated that GMR can be observed in multilayers deposited by sputtering rather than the much slower MBE growth process. They succeeded in obtaining similar GMR values on sputtered Normalized resistance versus applied magnetic field for several antiferromagnetically coupled Fe/Cr multilayers at 4.2K. Arrows indicate the saturation field H S , which is required to overcome the antiferromagnetic interlayer coupling between the Fe layers and align their magnetizations parallel. After Baibich et al. polycrystalline Fe/Cr multilayers 4 and later found a sizeable GMR of 120% on Co/Cu multilayers. 44 In the magnetic multilayers the successive ferromagnetic layers are exchange-coupled through a nonmagnetic spacer layer. Parkin et al. found that the sign of the coupling oscillates between ferromagnetic and antiferromagnetic with increasing thickness of the spacer layer. The magnitude of GMR is also oscillating from a finite value to zero as the spacer thickness increases, as shown in Fig.7 for the Fe/Cr multilayer. These oscillations in GMR reflect the oscillations in the interlayer coupling. Sizeable values of GMR are observed when the coupling is antiferromagnetic, since this provides an antiparallel alignment of the magnetizations in the successive ferromagnetic layers at zero magnetic field, as for d Cr =1nm and d Cr =2.5nm in Fig.7 . No GMR (a much diminished GMR in Fig.7) is observed when the coupling is ferromagnetic which prevents the change in the relative alignment of the magnetizations as the applied field is varied, as for d Cr =1.8nm in Fig.7 . As we saw earlier, antiferromagnetic coupling is not a necessary condition for GMR to occur. All that is necessary is that the magnetic moments of the layers are not locked by the ferromagnetic coupling, but can be reoriented by an applied field.
Although the highest values of GMR were measured in antiferromagnetically-coupled magnetic multilayers, these multilayers are not the best materials for technological applications. This is due to the large magnetic fields, which are required to saturate the magnetization of the multilayers and to obtain a sizeable change in the resistance. For example, as is evident from Fig.6 , the saturation fields in the Fe/Cr multilayers are of the order of 10-20 kG which is three orders of magnitude higher than the fields required for applications. The sensitivity, which is defined as ∆R/R per unit magnetic field, is much too small. It is of the order of 0.01%/G, as compared, e.g., to 1%/G AMR in permalloy. A search of low field GMR structures in which an antiparallel configuration of the magnetizations could be achieved by different means, as compared to the aniferromagnetic interlayer coupling, resulted in the invention of pseudo spin valves and spin valves.
The pseudo spin valves, shown in Fig.2b , combine hard and soft magnetic layers, which have different coercivities. The magnetic moments of the soft and hard magnetic layers switch at different values of the applied magnetic field providing a field range in which they are antiparallel and the resistance is higher. [5] [6] [7] In the experiments of Barnas et al., 5 Co/Au/Co trilayers were used with an Au spacer layers thick enough so that there was no exchange coupling between the Co films. The first Co 
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layer was evaporated on [110] -oriented GaAs, whereas the second one was grown on the Au spacer layer, which resulted in different coercive fields of the two Co films. Fig.8a shows the hysteresis loop for the Co/Au/Co trilayer obtained at room temperature by the magneto optic Kerr effect (MOKE). It is seen that there is a range of magnetic fields where the magnetizations of the Co layers are aligned antiparallel, as is indicated by the arrows in Fig.8a . Fig.8b shows the resistance trace obtained by scanning through the hysteresis loop. At sufficiently high magnetic fields the magnetizations of both ferromagnetic films are parallel and the resistance is low. The resistance increases, however, each time the antiparallel alignment is achieved during a scan through the hysteresis loop.
A structure, which gives a much better performance from the point of view of applications, is the spin valve introduced by Dieny et al. 8 The simplest form of the spin valve structure is shown in Fig.2c . It consists of a magnetically soft ferromagnetic layer (free layer), a non-magnetic metal spacer layer and a second ferromagnetic layer (pinned layer), which is exchange-coupled to an antiferromagnetic layer. The exchange coupling between the antiferromagnetic layers and the adjacent ferromagnetic layer creates unidirectional exchange anisotropy, i.e. pins the magnetization of this ferromagnetic layer in a certain direction (for a review see, e.g., ref. 45) . The magnetic hysteresis loop of the pinned ferromagnetic layer is therefore centred about a non-zero bias field, H B . On the contrary, the magnetic hysteresis loop of the free layer is centred close to zero field, provided the magnetic coupling between the ferromagnetic layers across the spacer layer is weak enough. The magnetic moments of the two ferromagnetic layers are thus aligned antiparallel in the field range between zero and H B .
This behavior is illustrated in Figs.9(a,b) which show, respectively, the magnetization curve and the change in resistance relative to parallel alignment, measured at room temperature, for a sample The magnetization curve shows two separate hysteresis loops. The loop with the smaller coercivity corresponds to the reversal of the free NiFe layer, while the loop shifted by exchange anisotropy to around H B =90G corresponds to the reversal of the magnetization of the pinned NiFe layer. Thus, as the field H is swept, the magnetizations of the two NiFe layers change from parallel alignment for H lower than 2G or higher than 135G to antiparallel alignment between these two values. It is thus apparent that the change in resistance of Fig. 9b is related to the change in relative orientation between the magnetizations of the two ferromagnetic layers. The steep resistance change in the small field range close to H=0 is now used for many low field applications, such as sensors, read heads, and magnetic random access memories.
Magnetic granular materials represent another structure, which displays the GMR effect. 9 They consist of a non-magnetic metal alloyed with a ferromagnetic metal, which precipitates into granules, as is schematically shown in Fig.2d . The size of the granules depends on the solubility of the ferromagnetic material in the nonmagnetic matrix and on growth and annealing conditions and can be as small as 2nm. Although the granules can be magnetically coupled, in the absence of the applied field their magnetic moments are randomly-oriented. Applying the magnetic field aligns the moments of the granules, which results in the resistance drop. This behaviour is illustrated in Fig.10 , which displays the field dependence of the relative change in the resistance for heterogeneous Co x Cu 1-x alloys for two concentrations of Co: x=0.19 and x=0.28. 9 Although the major part of the samples were found to be disordered fcc alloys, the presence of Co-rich clusters results in a sizeable magnetoresistance at low temperatures. The saturation fields, which are required to align the moments, are as high as in the antiferromagnetically-coupled multilayers, i.e. of the order of 10kG. This fact makes the applicability of granular materials fairly limited. In addition, the magnitude of GMR in granular materials at room temperature is strongly reduced due to superparamagnetic relaxation, which originates from thermal fluctuations of the magnetic moments of the granules. In the following sections we review experimental results on composition, thickness, roughness, impurity, outer boundary, temperature and angular dependence of GMR in magnetic multilayers and spin valves.
Composition dependence
Since the discovery of GMR a large number of magnetic multilayer structures, which display the GMR effect, have been discovered. It was found that the magnitude of GMR varies considerably depending on the chemical constituents of the multilayer. The highest published values of GMR to date are 220% in Fe/Cr multilayers 39 and 120% in Co/Cu multilayers. 44 Sizeable values of GMR were also obtained in the multilayers: Co/Ag -22% at room temperature (RT), 46 Ni/Ag -28% at 4.2K, 47 Ni/Cu -9% at 4.2K, 48 56 Why are some of the multilayers highly magnetoresistive, whereas the others are not? All the above multilayers contain ferromagnetic 3d metals, which should have a pronounced spin asymmetry in their conductivity due to the presence of exchange split d bands. It appears that the spin asymmetry in the band structure is a necessary but not sufficient condition for high GMR values. As was noted in section 2, GMR to a great extent is determined by the ferromagnetic metal/nonmagnetic metal pair, rather than by an individual material considered separately. For example, GMR was found to be much lower in Co/Cr and Fe/Cu multilayers (3% in Co/Cr 4 and 5.5% in Fe/Cu 57 ), as compared to the Fe/Cr and Co/Cu multilayers.
There are two factors, which are crucial for obtaining high values of GMR. These are the band matching and the lattice matching between the ferromagnetic and nonmagnetic metals. As has been already explained in section 2, a good band matching for one spin orientation between a ferromagnetic metal (FM) and a non-magnetic metal (NM) implies high transmission for this spin across the FM/NM interface. On the other hand, a large band mismatch for the other spin orientation implies that the transmission of this spin is poor. In addition, roughness and intermixing near the interfaces results in spin-dependent scattering as a consequence of the lateral randomness in the atomic potentials. Large spin dependence in scattering arises if the atomic potentials of the two types of atoms are similar (matched) for one spin orientation but strongly dissimilar (mismatched) for the other spin orientation.
Lattice matching of the subsequent layers is also a very important factor for GMR. Lattice mismatch leads to the formation of misfit dislocations and other structural defects at the interfaces. Scattering by these defects in the nonmagnetic spacer layer is spin-independent resulting in a reduction of GMR. Although the scattering by defects in a ferromagnetic layer could be spindependent, the spin asymmetry in the scattering potentials will vary depending on structural details. The presence of various types of defects will make the average of the scattering potential only weakly-dependent on the spin, which can lead to reduced values of GMR.
These two conditions, i.e. band and lattice matching, are almost perfectly satisfied in Co/Cu and Fe/Cr multilayers. There is an excellent band matching between the majority-spin electrons of Co and Cu and the minority-spin electrons of Fe and Cr. On the other hand, there is a strong band mismatch between the minority spins in Co and Cu and the majority spins of Fe and Cr. The lattice matching is also almost perfect in these systems. Thin films of Co grow in the fcc structure with the lattice parameter of 3.56 Å, which is only 2% less than the lattice parameter of 3. 80 Fe 20 /Au permalloy-based multilayers show GMR values of about 20% at room temperature and reveal a high sensitivity of the resistance to the applied field, 0.2%/G, and low interlayer coupling. 50, 51 This combination makes them attractive for applications. Unfortunately, the growth of these multilayers represents a real problem. For example the Ni 80 Fe 20 /Ag multilayer has to be deposited at liquid-nitrogen temperatures in order to attain the required integrity of the layers.
Other nonmagnetic materials are poor for using as spacer layers in 3d-ferromagnet-based multilayers. For example, Al, though a good conductor, displays an unimpressive performance in GMR structures (e.g., ref.54). It produces a strong spin-independent scattering at the interfaces due to the electronic structure mismatch for both spin orientations. This is similar to what one would expect in Co/Cr multilayers. Ta is a bad conductor due to a high density of states at the Fermi energy. It is not surprising that GMR is negligible in systems where Ta is used as a spacer layer.
It is interesting that the systems with highest GMR, such as Fe/Cr, Co/Cu, Co/Ag, Ni 80 Fe 20 /Au and Ni 80 Fe 20 /Ag, are all immiscible. This fact indicates that intermixing at the interfaces is not favourable to GMR, and contradicts the expectation that intermixing produces strong spin-dependent scattering potentials. One of the reasons for this might be a reduction in the magnetic moments in the intermixed regions which negatively effects GMR (e.g., ref. 58 ). In addition, the intermixing may result in misaligned spins, which are weakly coupled with the ferromagnetic layer, or magnetically "dead" layers. We come back to this issue in section 7 and 8.
A number of attempts have been made to use half-metallic materials in GMR structures. [59] [60] [61] Halfmetallic compounds are characterized by the coexistence of metallic behaviour for one electron spin and insulating behaviour for the other spin. The electronic density of states is, therefore, 100% spinpolarized at the Fermi level, and the conductivity is dominated by single-spin charge carriers. Calculations predict, for example, that bulk NiMnSb 62 and CrO 2 63 are half-metallic ferromagnets. Ideally incorporation of a 100% spin-polarized ferromagnet into a GMR multilayer should lead to switching between finite and infinite resistance within the CPP geometry as the magnetezation of alternative ferromagnetic layers switches from parallel to antiparallel, i.e. to an infinitely large GMR. Unfortunately, experiments so far show an unimpressive behavior of GMR systems based on half metals. The highest value of GMR of about 7% is found in CPP measurements on NiMnSb/Cu/NiMnSb trilayers at liquid helium temperature. 60 This result is far short of the infinite value of CPP GMR expected from a half-metallic-based structure. A possible reason for this is the poor quality of the NiMnSb films, in particular at the NiMnSb/spacer interfaces, resulting in a reduced spin polarization and/or a significant spin-flip scattering due to misaligned magnetic moments.
Nonmagnetic layer thickness dependence
When considering the dependence of GMR on the non-magnetic layer thickness in magnetic multilayers and spin valves one should compare the resistances of the perfectly parallel and antiparallel magnetic configurations. The presence of the interlayer exchange coupling leads to oscillations in GMR, similar to those displayed in Fig.7 . This oscillatory contribution to GMR reflects the extent of antiparallel alignment, which is achieved at zero magnetic field, rather than an intrinsic variation in GMR. Spin valves are in this sense better for studying the spacer thickness dependence of GMR than magnetic multilayers. This is due to the pinned ferromagnetic layer, which keeps the direction of its magnetization and helps to maintain an antiparallel alignment of the magnetizations in a certain field interval, provided that the ferromagnetic interlayer coupling is not stronger than the exchange-bias field. However, at small spacer thicknesses the magnetic layers may become strongly coupled ferromagnetically due to the presence of pinholes in the nonmagnetic film, leading to a decreased GMR ratio.
The dependence of GMR on the non-magnetic layer thickness in spin valves was studied by Dieny et al. 64 Fig .11 shows the variation of GMR as a function of the thickness of the non-magnetic layer (NM) in spin valve structures with composition: Si/Co(7nm)/NM(d NM )/Ni 80 Fe 20 (5nm)/ Fe 50 Mn 50 Mn(8nm) with NM=Cu and Au. As is seen from the figure, the value of GMR decreases monotonically with increasing non-magnetic layer thickness. This decrease can be qualitatively ascribed to two factors. (i) With increasing spacer thickness the probability of scattering increases as the conduction electrons traverse the spacer layer, which reduces the flow of electrons between the ferromagnetic layers and consequently reduces GMR. (ii) The increasing thickness of the nonmagnetic layer enhances the shunting current within the spacer, which also reduces GMR. These two contributions to GMR can be phenomenologically described by the following expression:
The exponential factor represents the probability that an electron is not scattered within the NM layer. The factor in the denominator describes the shunting effect due to the NM layer. The parameter l NM is related to the mean free path of the conduction electrons in the spacer layer. One expects that l NM will be less than the mean free path in the spacer layer λ NM , due to the fact that electrons which most effectively contribute to GMR have out-of-plane velocities. Dieny et al. 21 proposed that for systems of practical interest l NM is approximately equal to half of the mean free path λ NM . The parameter d 0 is an 21 effective thickness, which depends on the conductance of the system in the absence of the NM layer. (∆R/R) 0 is a normalization coefficient.
Although formula (5.1) is a purely phenomenological expression, it contains a significant part of the physics involved. As we will see in section 12, within a Boltzmann approach to free electrons the simple exponential in expression (5.1) is replaced by more complicated exponential integrals over various incidence angles of the conduction electrons with respect to the plane of the layers. Nevertheless, the typical variation of GMR versus non-magnetic layer thickness remains qualitatively the same.
It was found that the Cu and Au thickness dependence of GMR, illustrated in Fig.11 , can be fitted well by using decay lengths of l Cu =6nm and l Au =5nm respectively. 21 These decay lengths are determined by scattering in the spacer, due to phonons, grain boundaries, and other defects, and are correlated with the mean free path λ NM . The smaller value found for Au is consistent with the higher resistivity of Au, deduced from measurements on sputtered samples: λ Au =8.5nm (ρ=7µΩcm) for Au versus λ Cu =11.5nm (ρ=5µΩcm) for Cu.
As is evident from Fig.11 , the values of GMR are higher for the Cu spacer layer than for the Au spacer layer. Indeed, extrapolation to zero interlayer thickness gives ∆R/R of 6.4% for Cu versus 4.1% for Au. This fact was ascribed to a lower transmission through the ferromagnetic/noble-metal interfaces for Au than for Cu, which reduces the intensity of the flow of electrons that continuously escape from each ferromagnetic layer across the interfaces. 64 The low GMR values for Au may also reflect the higher spin-orbit scattering expected of the heavier element, which leads to spin-flip scattering in the spacer layer. The effect of the microstructure may also be important: the large lattice mismatch between ferromagnetic layers and Au may result in misfit dislocations and be an additional cause of the lower GMR.
GMR in magnetic multilayers versus thickness of the non-magnetic spacer layer behaves in a similar fashion as in spin valves. Figs.12a,b display values of GMR in Co/Cu multilayers measured at relatively large Cu thicknesses, so that the interlayer exchange coupling is small. 65 Note that the interlayer exchange coupling decreases with increasing Cu thickness much faster than GMR, such that the exchange coupling fields become much weaker than the saturation fields. Therefore, GMR in Figs.12 results from the random arrangement of magnetic domains in successive magnetic layers. Parkin et al. 65 found that at T=4.2K GMR decays approximately as 1/d Cu (Fig.12a) , which is consistent with Eq. (5.1) provided that the decay length l NM is large. As was explained above, this behavior is the direct consequence of the shunting of the electric current due to increasing thickness of the spacer layers. At room temperature the scattering within the spacer layers diminishes the flow of electrons from one magnetic layer to neighboring magnetic layers and therefore reduces the magnitude of GMR. Such scattering is related to volume scattering within the interior of the spacer layers due to electron-phonon interactions. The value of GMR then decays as in Eq. (5.1) with l NM =32nm and is shown in Fig.12b by the solid line.
As we see from the experimental results and will see from the theoretical analysis within the semiclassical free-electron models (section 12), the mean free path appears to be the scaling length for the thickness dependence of GMR within the CIP geometry. GMR decays monotonically as a function of the spacer layer thickness. The highest values of GMR can be achieved when the spacer layer is as thin as possible and therefore has only a small amount of bulk scattering. The reduction of the spacer layer thickness is however limited by pinholes through the nonmagnetic material, which prevent the antiparallel alignment of the magnetizations and therefore suppress the magnetoresistance. Fig.13 . 66 As is evident from the figure, the three curves have very similar shapes characterized by a broad maximum between 6 and 10nm. As was argued by Dieny, 21 the position of the maximum depends on the location of the spin-dependent scattering centers. In the case of interfacial spin-dependent scattering, the maximum is located at smaller thicknesses than for bulk spin-dependent scattering. The appearance of the maximum is explained by the following arguments. 64 The decrease in GMR at large magnetic layer thickness is due to the increasing shunting of the current in the inner part of the ferromagnetic layers. The decrease in GMR at low thickness is due to the scattering at the outer boundaries (substrate, buffer layer or capping layer). This scattering significantly affects GMR when the thickness of the ferromagnetic layer becomes smaller than the longer of the two mean-free paths associated with the up-and down-spin electrons (see also section 9).
Phenomenologically, the variation of spin-valve MR with the thickness of the ferromagnetic layers can be fairly well represented by the following expression 66 (see Fig.13 ):
The numerator describes the variation of the scattering rates of the electrons with thickness d FM . It characterizes the angle-averaged probability for an electron with the longest mean free path to be scattered within the ferromagnetic layer before being scattered diffusively at the outer boundary of the spin valve. This factor is responsible for the decrease of GMR at low thicknesses d FM : if the ferromagnetic layers are too thin the contrast between the spin-dependent mean free paths decreases due to the stronger diffuse scattering of the electrons with the longer mean free path at the outer boundaries. l FM is therefore related to the longest mean free path in the ferromagnetic layer λ FM . As argued by Dieny, 8 it is expected that l FM ≈½λ FM . The denominator describes the shunting of the current within the ferromagnetic layers, so that d 0 is an effective thickness which represents the shunting of the current in the rest of the structure, i.e. in all layers except the ferromagnetic layer whose thickness is varied. (∆R/R) 0 is a normalization coefficient. Although a more accurate expression describes GMR within the Boltzmann approach (see section 12), formula (6.1) contains a significant part of the physics involved. In magnetic multilayers with a large number of repetitions, a maximum in the value of GMR is normally observed when the thickness of the magnetic layers is varied from a monolayer to a few nm, i.e. less than in spin valves. For example, Sato et al. 67 have found that the optimal thickness of the permalloy layers in (Cu/Ni 80 Fe 20 ) 60 multilayers is typically 1-3 nm. The main difference between the spin valves and multilayers is the reduced effect of the outer boundary scattering for the former. Although the decrease of GMR at high FM layer thickness can still be explained by the shunting current within the FM layers, the decrease of magnetoresistance at small thicknesses has a different origin and can be explained as follows. 21 In the case of bulk spin-dependent scattering, the decrease of GMR at low d FM is due to insufficient scattering of the electrons with short mean free paths, which reduces the spin-asymmetry in the conductivity. The critical thickness below which the electrons with short mean free paths are insufficiently scattered is the mean free path of the electrons in the ferromagnetic layers, i.e. of the order of 1-2nm in permalloy. 68 In the case of interfacial spin-dependent scattering, this critical thickness of the ferromagnetic material is the minimum thickness required to establish the electronic properties of the FM/NM interface.
Roughness dependence
As was known from earliest experiments on Fe/Cr multilayers, GMR is very sensitive to the growth conditions and the structure of the interfaces. It is expected that interface roughness will enhance the magnetoresistance due to an increase in spin-dependent scattering. A number of experiments aiming to correlate the interface roughness and GMR in magnetic multilayers have been performed. Indeed, a few experiments have demonstrated that the value of GMR in Fe/Cr multilayers has a tendency to increase with roughness. For example, Fullerton et al. 69 fabricated sputtered Fe/Cr multilayers with variable roughness by changing the sputtering gas pressure and varying the sputtering power. The structure of the samples was thoroughly characterized by high and low-angle X-ray diffraction. They found that GMR is higher when the intensity of the low-angle diffraction peak is smaller, which implies rougher interfaces. From the magnetization measurements they showed that the enhancement in GMR is not due to the improvement in antiferromagntic alignment and concluded that spin-dependent scattering at the interfaces is enhanced by roughness.
More recently Schad et al. 70 fabricated a series of high-quality epitaxial Fe/Cr(00l) multilayers characterized by a negligible number of bulk defects, so that the dominant contribution to scattering resulted from interface roughness. The interface roughness was varied through annealing at different temperatures and was quantitatively analyzed by specular and diffuse synchrotron X-ray diffraction technique. Schad et al. found that the magnitude of GMR increases with decreasing the lateral correlation length of roughness, ξ x . This can be seen from Fig.14a , in which the triangles show the saturation resistivity, ρ S , the change in the resistivity, ∆ρ, and the GMR ratio, ∆ρ/ρ S , for the samples with constant roughness amplitude η, and variable lateral correlation length ξ x . A further increase in the annealing temperature leads to increasing roughness height, η, resulting in a further enhancement of GMR, as can be seen from the circles in Fig.14a .
This enhancement of GMR with interfacial roughness observed in monocrystalline Fe/Cr multilayers is in contrast to what was observed earlier on polycrystalline Fe/Cr superlattices in experiments by the same group. 71 A reduction of GMR was found with increasing the amplitude of the interface roughness having a constant correlation length, as is shown in Fig.14b . This fact demonstrates that spin-dependent scattering is very sensitive to the details of the microstructure of the interfaces. For example, polycrystalline samples could provide efficient diffusion channels along the grain boundaries, so that annealing can facilitate creating interdiffused interfaces, which according to ref. 39 reduces GMR. In addition, steps at the interfaces of the polycrystalline samples often appear at the grain boundaries, resulting in a variable spin asymmetry in the scattering potential due to different structural and compositional environment at the steps. On average, the scattering potential associated with the roughness can become spin-independent resulting in a reduced GMR.
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From the experiments on Fe/Cr multilayers one can conclude that increasing the density of steps and the roughness height at compositionally-sharp monocrystalline regions of the interfaces enhances GMR in these multilayers. On the other hand, interface roughness associated with interdiffused regions and a high density of defects, such as grain boundaries, is likely to reduce GMR.
Opposite to these Fe/Cr multilayers, no enhancement of GMR has been observed in Co/Cu multilayers with increasing interface roughness. For example, Kano et al. 72 varied the sharpness of the interfaces in sputtered Co/Cu multilayers by changing the substrate temperature. The degree of roughness was determined by the X-ray satellite peak intensity. They found that the GMR ratio decreases as the substrate temperature increases and concluded that roughness reduces GMR. Suzuki and Taga 73 succeeded in preparing Co/Cu superlattices with well-controlled interfacial roughness by magnetron sputtering. The interfaces between Co and Cu were modified by codeposition, so that the thickness of the intermixed CoCu layer was varied from 0 to 0.25 nm. In these samples, only the interfacial region was modified, while the morphology and the crystallinity of the multilayer remain unchanged. They found that interfacial roughness mainly contributes to the residual resistivity and the spin dependence of the scattering at the interfaces is weak. They also concluded that the GMR ratio decreases with increasing interfacial roughness.
The suppression of GMR in Co/Cu multilayers with increasing interfacial roughness is probably due to a significant change in the magnetic state of the Co atoms in the intermixed regions. The magnetic moments of these atoms might be reduced and misaligned with the magnetization of the Co layer. The spin asymmetry of scattering by these atoms is obviously strongly reduced, resulting in a decrease of GMR with increasing roughness. Fe/Cr multilayers are electronically more stable with respect to roughness, so that the electronic state of the atoms at the stepped interfaces is similar to that in the bulk of the layers. This fact is supported by first-principle calculations which show that the atomic moments at the rough Fe/Cr interfaces do not depend significantly on the nearest-neighbour environment. 58 
Impurity dependence
Since the magnitude of GMR is related to the asymmetry in the scattering rates within the two conduction channels, it was expected that modifying the spin-dependent scattering by introducing appropriate impurities either at the interfaces or in the bulk of the ferromagnetic layers would enhance GMR. Scattering asymmetries have been indirectly determined from measurements of the resistivity of magnetic ternary alloys. 31, 32 A number of attempts have, therefore, been made to find a correlation between the magnitude of the scattering asymmetries in bulk magnetic alloys and the magnitude of GMR in magnetic multilayers.
Gurney et al. 74 inserted thin layers (≤0.4nm) of various impurities, such as Au, Ag, V, Mn, Al, Ge, and Ir at the interfaces between Fe and Cr layers in Fe/Cr multilayers. They found that inserting Au, Ag, Al, Ge, or Ir strongly reduces GMR, whereas, inserting V and Mn does not effect GMR much, as compared to an inserted Cr layer of same thickness. Johnson and Camley interpreted the results of these experiments in terms of different spin-dependent scattering asymmetries of these impurities in bulk iron. 75 They found that the impurities, such as Mn and V, which have a spindependent scattering asymmetry similar to that of Cr in Fe, do not change GMR substantially. On the other hand the impurities, such as Al and Ir, with a spin-dependent scattering asymmetry opposite to that of Cr in Fe, lead to a rapid degradation of the GMR. We note, however, that according to Marrows and Hickey, 76 inserting the impurities at the interface of antiferromagnetically-coupled multilayers could easily destroy the interlayer coupling, resulting in a reduction of GMR due to imperfect antiferromagnetic alignment. As is seen from this figure, the value of GMR increases by a factor of two, demonstrating the strong effect of the inserted Co layer. A careful analysis of GMR as a function of the Co layer thickness shows that the magnetoresistance can be enhanced from 2.9% up to 6.4%, the Co layer thickness scale of the enhancement being just 0.23nm (see Fig.15b ). The positive effect of the Co layers on GMR in the permalloy-based spin valves was found to be strongly localized at the interfaces. By varying the distance of the 0.5nm Co layer from the interface, d, no significant increase in GMR was found for d>0.5nm (see Fig.15b ). Contrary to inserting Co layers at the interfaces of permalloy-based spin valves, adding a permalloy layer at the Co/Cu interfaces in Si/Co(5.7nm)/Cu(2.4nm)/Co(2.9nm)/ Fe 50 Mn 50 (10nm)/Cu(1nm) spin valves reduces the value of GMR from 6.8% to 3.9% with the Ni 80 Fe 20 thickness scale of just 2.8nm (see Fig.15d ).
The results of these experiments are explained by the dominant contribution to GMR from spindependent scattering at the interfaces. Theoretically Inoue et al. 78 argued that the minority-spin scattering at Co/Cu interfaces is larger than at Ni 80 Fe 20 /Cu interfaces, due to the larger mismatch in the minority-spin d atomic energy levels for the former. Experimentally, on the other hand, the effect appears to arise from the stabilising role of Co on the magnetic moments at the interfaces. In general, the magnetic moments at interfaces (especially rough interfaces) can be very different from those in the bulk. Speriosu et al. 79 found that at room temperature there is a substantial reduction in the magnetization of permalloy near the interfaces with Cu, which is equivalent to a magnetically-dead layer of 0.2nm thickness. On the contrary, a much thinner dead-layer of only 0.1nm was found for a Co/Cu multilayer. The non-magnetic layers at the interfaces are detrimental to GMR. These layers are a source of strong spin-independent scattering. Misoriented spins also reduce GMR due to spin mixing and spin-flip scattering. The presence of reduced Ni moments and non-collinear Fe moments 27 on interdiffused Ni 80 Fe 20 /Cu interfaces is supported by first-principle calculations. 80 Placing a small amount of Co at the interface dramatically increase the collinearity of magnetic moments and stabilise the magnetic moments of Ni at the Ni 80 Fe 20 /Cu interface, thereby enhancing GMR.
A number of interesting examples of impurity effects have been obtained within the CPP geometry. As was explained in Sec.3 using a simple series resistor model, the GMR can be inverted (i.e. acquires an opposite sign) if the spin asymmetries in scattering are opposite in consecutive ferromagnetic layers. Vouille et al. 81 have found that Ni 95 Cr 5 /Cu/Co/Cu multilayers, in which Ni layers are doped by 5% of Cr impurities, display the inverse GMR when Ni 95 Cr 5 thickness is more than 2nm. According to Campbell and Fert 32 Cr impurities in Ni scatter more strongly the majorityspin electrons, which makes the bulk scattering spin asymmetry of the NiCr layers less than unity, i.e. α NiCr <1. This is opposite to the Co layers, which are characterized by α Co >1, resulting in the inverse GMR. The inverse GMR was also found in other multilayers of the type FM/Cu/Co/Cu, where FM=Ni 1-x Cr x , Co 1-x Cr x , Co 1-x Fe x and Fe 1-x V x . 81, 82 The comparison of the bulk scattering spin asymmetries α FM extracted from these experiments with the previous results obtained for bulk alloys 31, 32 shows that the sign of α FM is the same but the magnitude is generally much smaller. The inversion of GMR in the experiments of Hsu et al. 82 and Vouille et al. 81 appears to occur at thicknesses of the FM layer above a certain critical thickness, so that there was a crossover in the sign of GMR at this thickness. This was ascribed to the competition between bulk scattering in the FM, which has spin asymmetry α bulk <1, and interface scattering at the FM/Cu interface, which was assumed to have spin asymmetry α int >1. We note, however, that at low FM thickness the interface resistance might become dependent on the layer thickness, which would make the interpretation of these experiments more complicated (see section VI).
Very interesting experiments have been performed recently by Marrows and Hickey 76 who inserted a very thin (sub-monolayer) δ-layer of various elements in a Co/Cu/Co spin valve at various distances from the interfaces. Some of their results are shown in Fig.16 , in which the GMR ratio is plotted against the position of the dopant δ-layer for a variety of elements from the central part of the transition metal series. As is evident from the figure, the value of GMR can be reduced or enhanced depending on the nature of the impurity and its location within the spin valve. For example, ferromagnetic 3d impurities Fe and Ni enhance GMR when they are close to but just behind the Co/Cu interface. For materials with α<1, i.e. Cr, Mo, Ta, and Ru, the magnetoresistance is totally suppressed when they are placed at the interface, but it is recovered as they move back into the bulk of the Co layer. Materials to the right of Co, that might be expected to have α>1, namely Pd, Pt, and the noble metals, can suppress the GMR somewhat at the interface, but it is very rapidly recovered as they move into the layer. It was also found that 4f magnetic impurities are altogether damaging to the GMR. A quantitative interpretation of these experiments is a challenge for first-principle modeling. 
Outer boundary dependence
As we saw above, the value of GMR is higher in magnetic multilayers than in spin valves. The latter consist of just two ferromagnetic layers separated by a nonmagnetic spacer layer. With increasing number of FM/NM bilayers within a multilayer the value of GMR monotonically increases until it reaches saturation. Fig.17a shows an example of such a variation of GMR, obtained by Plaskett and McGuire 83 in experiments on Cu(1nm)/[Co(1nm)/Cu(1nm)] N multilayers. They found that at T=4.2K GMR grows up to 35% with increasing N up to 128, clearly displaying a tendency to saturate (see Fig.17a ). The lower values of GMR in these experiments as compared to those in ref. 38 are explained by a weak antiferromagnetic coupling. One of the factors, which may play a role in increasing GMR with the number of bilayers, is an improvement in the structural quality for the thicker multilayers. However, the major factor, which is responsible for the behavior of GMR versus N shown in Fig.17a , is the presence of diffuse scattering at the outer boundaries of the multilayer. Indeed, if the longest mean free path is much larger that the total thickness of the magnetic multilayer, diffuse outer-boundary scattering reduces the conductivity of the "good" conduction channel and hence effects negatively GMR. Plaskett and McGuire used the Fuchs-Sondheimer expression for thin film resistivity 84, 85 in order to estimate the mean free paths, as is shown in Fig.17b . They found a mean free path of 47 nm for the saturated state of the Co/Cu multilayer, which although possibly an overestimate gives the right order of magnitude. We see, therefore, that outer boundary scattering is a very important characteristic of spin valves because their thickness is comparable to (or even less than) the mean free path.
The outer boundary scattering in spin valves occurs at the interfaces between the pinned layer and the pinning layer and between the sense layer and the cap layer, which is used for protecting the structure from oxidation or corrosion. Antiferromagnetic Fe 50 Mn 50 8 and ferrimagnetic Tb 23 Co 77 86 are frequently used as pinning layers. The scattering at FM/FeMn and FM/TbCo interfaces is commonly regarded as entirely diffuse due to the highly disordered atomic and magnetic structures of the antiferromagnetic layers and the interfaces. In addition, although these materials are highly resistive (resistivity is about 100µΩcm at room temperature), they still contribute to the shunting current within the spin valve structure, thereby reducing GMR. The same effect occurs at the FM/Ta interface when Ta is used as the protective cap layer.
GMR in spin valves can be improved if antiferromagnetic NiO is used as a pinning layer. Anthony et al. 87 fabricated bottom spin valves of the type NiO/NiFe/Co/Cu/Co/NiFe and obtained a GMR ratio of 13% at room temperature (thin Co layers at the interfaces were used to enhance GMR 77 ). An even higher value of GMR, namely 15%, was obtained by Swagten et al. 88 in a spin valve of the type NiO/Co/Cu/Co/Cu/NiO, in which the top NiO layer served as a protective layer and the top Cu layer magnetically insulated the free layer from exchange biasing. These relatively high values of GMR are the result of the fact that NiO is an insulator and consequently does not contribute to the shunting current. Moreover, due to the relatively large band gap of NiO (about 4eV) it impedes penetration of electrons into the bulk and therefore provides a mechanism for specular scattering at the interface between the pinned and pinning layers. Contrary to diffuse scattering, specular scattering reflects electrons back through the spin valve allowing them to propagate across the spacer layer many times, thereby increasing spin filtering effects. The degree of specular scattering at FM/NiO interfaces is related to the interface quality because disorder can easily make the scattering diffuse.
A certain degree of specular scattering was argued to be the origin of high values of GMR in the experiments performed by Egelhoff et al. 89, 90 on NiO-based symmetric spin valves. A symmetric spin valve 87 contains one free ferromagnetic layer sandwiched between two pinned magnetic layers, separated by nonmagnetic spacer layers, which allows higher magnitudes of GMR to be obtained than in ordinary spin valves. The symmetric spin valve, which was studied by Egelhoff et al., had the structure of NiO/Co/Cu/Co/Cu/Co/NiO and displayed GMR values exceeding 20% at room temperature. Specular scattering of electrons at Co/CoO interfaces was also suggested to be the reason for the enhancement of GMR by up to 17% at room temperature, obtained in bottom spin valves of the type NiO/Co/Cu/Co, in which the top Co layer was slightly oxidized. 91, 90 Sugita et al. 92 regarded the high magnitude of GMR of 28% obtained in an epitaxially-grown symmetric spin valve with an α- The importance of overlayers deposited at the top outer boundary of the NiO/Co/Cu/Co spin valve was demonstrated by Egelhoff et al. 93 They found that the deposition of about 2 monolayers (ML) of Au, Ag, or Cu increases GMR, whereas the deposition of 2ML of Ta, Si, C, or Ni 80 Fe 20 decreases GMR. These results were interpreted by Egelhoff et al. as evidence of enhanced specular scattering for the case of Au, Ag, and Cu, but suppressed specular scattering for the case of Ta, Si, C, and Ni 80 Fe 20 at the interface with Co. However, recent studies have demonstrated that the enhancement of GMR occurs for any top Co layer thickness. 94 This fact contradicts the plausible explanation in terms of specular scattering, because the specular scattering should reduce GMR if the Co thickness is much larger than the optimum thickness (see section 12). For such Co thicknesses the specularly reflected electrons are not able to cross the spacer layer and contribute instead to the shunting current. Other effects seem to be important and require further investigations.
Temperature dependence
Many experiments have found that GMR decreases with increasing temperature. Typically, the magnitude of GMR is a factor of two or three smaller at room temperature than at liquid helium temperature. For example, GMR drops by a factor of 3.1 in Fe/Cr multilayers 95 and by a factor of 1.8 in Co/Cu multilayers 38 in this temperature interval. The major factor, which contributes to the temperature variation of GMR, is inelastic scattering by phonons. Although electron-phonon scattering conserves spin, it enhances the saturation resistivity of the multilayer, effecting negatively the GMR ratio. In addition, it shortens the mean free path in the spacer layer, which prevents the flow of electrons between successive ferromagnetic layers and hence reduces GMR. Scattering by phonons in ferromagnetic metals is spin-dependent due to the spin-31 dependent density of states at the Fermi energy (see sec.3). If other spin-dependent scattering processes are important (e.g., spin-dependent scattering at the interfaces due to interface roughness), which are characterized by a different spin asymmetry, the contribution from electron-phonon scattering necessarily changes GMR. Another non-trivial mechanism reducing GMR is related to interband transitions that are driven by the applied electric field in the presence of spin-independent scattering potentials. This will be discussed in section 17.
Another factor, which might influence the temperature variation of GMR, is electron-magnon scattering. Contrary to phonons, scattering by magnons is associated with spin-flip processes which intermix the majority-and minority-spin current channels. At high temperatures when spin fluctuations become sizeable the electron-magnon scattering would inevitably suppress GMR. However, whether this effect is important at room temperature and below for GMR in magnetic multilayers based on 3d ferromagnets, which are characterized by very high Curie temperatures, still remains unclear. Dieny et al. 66 have pointed out that the presence of roughness and interdiffusion at the interfaces weakens the magnetic interactions due to the decreased magnetic moments and the reduced number of magnetic nearest neighbours. These "loose" spins may be more strongly affected by temperature-dependent spin-flip processes than the spins in the bulk of the layers. Dieny et al. have established a correlation between the Curie temperature of the ferromagnetic metal and the slope of the decrease in GMR in spin valves. They found that the thermal variation of GMR in spin valves is weaker for those ferromagnets, which have higher Curie temperature. They argued that this correlation is a consequence of spin-flip scattering mainly at the interfaces due to the reduced Curie temperature of the interdiffused interfacial regions.
Very interesting experiments on the temperature dependence of GMR with a quantitative interpretation of the results were reported by Oepts et al. 96 They measured the temperature variation of GMR in Co/Cu multilayers deposited on grooved substrates, as is shown in Fig.3a , so that the geometry in these experiments was similar to CPP GMR. The results were analysed in terms of spindependent bulk and interface resistances within the two-current series resistor model and are shown in Fig.18 . They found that the spin-dependent interface resistances are weakly temperature-dependent (Figs.18a,b) , which implies that up to room temperature the major contribution to the interface resistances comes from elastic scattering. On the other hand, as can be seen from Fig.18d , the bulk resistivities of Co and Cu increase by more than a factor of two between 4.2K and 300K, reflecting the sizeable contribution from inelastic scattering. However, it was found that the spin asymmetry of the resistivity in the Co layers, α Co , is almost independent of temperature ( Fig.18c) . The results of these experiments demonstrate, firstly, that phonons, rather than magnons, influence the spindependent resistance of the Co/Cu multilayer. Scattering by magnons would inevitably reduce the spin asymmetry of the bulk and interface resistances with increasing temperature due to spin-flip processes. Secondly, the spin asymmetry is about the same for elastic and inelastic scattering in the Co layers. This is evidence that the scattering spin asymmetry is mainly determined by intrinsic properties of bulk Co, namely by its band structure.
Angular dependence
We have so far considered GMR that arises from parallel and antiparallel magnetizations of the successive ferromagnetic layers. In this section we discuss the variation of the magnetoresistance as a function of the angle between the magnetizations θ=θ 1 -θ 2 . In spin valves which comprise a free and a pinned magnetic layer a continuous change of the angle θ can be obtained by applying a rotating field, which rotates the magnetization of the free layer, but keeps the direction of the magnetization of the pinned layer fixed. Such an experiment was performed by Dieny et al. 8 It was found that there are two components contributing to the magnetoresistance: the anisotropic magnetoresistance (AMR), which varies as the cosine squared of the angle between the rotating magnetization and the sensing current, and giant magnetoresistance. By subtracting the contribution from AMR, Dieny et al. found that GMR varies linearly with cosθ, and can be phenomenologically described by the formula
where R P and R AP are the resistances of the spin valve for the parallel and antiparallel magnetizations respectively. Such a linear variation of the resistance with cosθ was also observed in Fe/Cr multilayers. 97 A theoretical consideration of the angular dependence of GMR within a quantum-mechanical approach and a free-electron model predicts that for a constant potential within the multilayer the conductance, rather than the resistance, should vary linearly with cosθ. 98, 99 The same behaviour is also predicted within the semiclassical free-electron model. 27 Such a variation was found in the experimental study of GMR in Co/Ag/NiFe/Ag multilayers [100] and is shown in Fig.19 . Although the difference between the two descriptions is second order in the GMR ratio, it may be sizeable if the value of GMR is relatively high, which is the case for the Co/Ag/NiFe/Ag multilayers studied in ref. 100 . This is evident from Fig.19 , which shows almost a perfect linear variation of the conductance with cosθ, but displays slight non-linearity in the resistance dependence. Although the free-electron theory predicts significant departures from linearity when potential steps at the interfaces are present, 98 no experiments to date have provided any evidence for such departures. First-principle calculations 101 of the angular variation of GMR suggest that the functional dependence is essentially of the form (1-cosθ), which agrees with experiments.
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The angular variation of GMR has been also studied within the CPP geometry. 102 Although the deviations from linear dependence of the conductance versus cosθ were found to be more pronounced than in the CIP geometry, they still remain relatively small.
IV. FREE-ELECTRON AND SIMPLE TIGHT-BINDING MODELS
A large number of various theoretical models have been developed to describe GMR. These models differ mainly in the way that they treat the electronic structure and the electronic transport. The electronic structure can be described either within a simple free-electron approximation or within an accurate multiband approach. The main advantage of the free-electron theories is that they are physically more transparent and, though simple, can still capture some important physics of GMR. This is also the case for simple tight-binding models, which approximate the electronic structure by a single tight-binding band. Multiband models are, however, essential for a quantitative description of GMR. Within these models the electronic structure is described either using parameterized tightbinding bands or first-principle calculations within the local density approximation. The electronic transport can be considered either within semiclassical Boltzmann theory or within quantummechanical theory. The Boltzmann theory of transport is a versatile formalism, which has been widely used for treating GMR. It breaks down, however, in magnetic multilayers of practical interest because the subband energy splitting is comparable with the life-time broadening due to scattering. In these cases quantum-mechanical theory within a multiband treatment of the electronic structure is the best way to describe GMR. We begin our review of theoretical models for GMR by discussing the semiclassical Boltzmann theory within the free-electron model.
Semiclassical theory
The resistor model, which has been introduced in section 3, is too simple to describe correctly CIP GMR in magnetic multilayers and spin valves. This model is based on the assumption that the mean free path is long for both spin channels as compared to layer thicknesses. This approximation is not justified for real layered systems because the mean free path within one of the spin channels is comparable to or even less than the layer thickness. In addition, the resistor model is unable to predict the asymptotic behavior of GMR for large layer thicknesses. Conductance A more sophisticated quantitative insight into spin-dependent transport can be obtained using the semiclassical Boltzmann theory of transport (e.g., refs. 30, 103) . This theory considers electron transport using classical dynamics, which makes it different from the quantum-mechanical linear response theory of transport that will be considered in section 13. Nevertheless, the semiclassical theory includes many aspects of quantum mechanics. For example, within this approach quantummechanical statistics is used and scattering can be calculated quantum-mechanically assuming a realistic band structure.
Boltzmann theory is based on a semiclassical description of the electrons in metals in the presence of external fields using a statistical distribution function. The distribution function f(r,k,t) is defined as the number of electrons with given position r and wave-vector k at time t. We assume that the two spin states of the electrons are uncoupled and, therefore, the distribution function can be considered independently for the up-and down-spin channels. The Boltzmann transport equation is obtained by balancing the change in the distribution function caused by the applied electric field and the scattering processes that act to bring it back towards equilibrium, i.e.
1)
The first term in this equation describes the electron drift due to their velocity, the second term reflects the acceleration of the electrons due to the applied field and the scattering term describes scattering of the electrons by imperfections in the lattice, such as defects or impurities. It can be written in terms of the probability k k ′ P for an electron to scatter between momentum k and k′ :
where the right-hand term describes "scattering-out" processes, in which an electron from an occupied state of momentum k scatters into unoccupied states k′ , and the left-hand term describes "scatteringin" processes, in which electrons from occupied states of momentum k′ scatter into an unoccupied state k. We are interested in a steady state solution, when the distribution function is no longer changing so that df/dt=0 in equation (12.1). In this case, taking into account the principle of microscopic reversibility, i.e.
, and assuming a uniform applied electric field ,, we obtain
where e is the absolute value of the electron charge and v is the electron velocity. Aiming at a linear response theory, it is convenient to represent the distribution function as 
(12.4) This is a general representation of the linearized Boltzmann kinetic equation for the description of the electric current, the density of which is given by
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where Ω is the volume of the system. However, the evaluation of Eq.(12.4) is not easy to perform
, which links the values of the distribution function at various momenta. The Boltzmann equation can be considerably simplified using the relaxation time approximation. Within the relaxation time approximation the scattering-in term is neglected which results in
where ) (k τ is the relaxation time for an electron to scatter out of momentum state k, which is defined by
In general, neglecting the scattering-in term is not a trivial approximation and has to be justified (e.g., ref.
30).
For a bulk homogeneous system it is straightforward within the relaxation time approximation to derive the expression for the conductivity tensor where the indices µ and ν denote the Cartesian components. In this case 0
and it follows from Eq. (12.6) that
Taking the zero-temperature limit, i.e.
[ ]
, and substituting Eq.(12.9) into Eq.(12.5), we obtain the well-known expression for the conductivity per single spin channel within the relaxation time approximation:
(12.10)
In the case of films and multilayers which are assumed to be homogeneous in the xy plane of the layers but inhomogeneous in the z direction perpendicular to the planes (due to the interfaces and boundaries), the distribution function g(z,v) is dependent on z, but independent of x and y. In this case the solution of the Boltzmann equation (12.6) takes the form
(12.11)
Here signs ± refer to whether the z-component of the electron velocity is positive or negative. The coefficients A ± are determined from matching the boundary conditions at the interfaces and outer boundaries in terms of reflection and transmission probabilities and will be considered below. The current density can be obtained from Eq. (12.5).
We note that the solution of the Boltzmann equation takes the form of equation (12.11) only for the CIP geometry which we consider in this section. In this case the current and applied field can be assumed to be uniform within the plane of the multilayer. For the CPP geometry the electric field is position-and spin-dependent because magnetic multilayers are inhomogeneous in the direction of the electric current 20 and, therefore, equation (12.11) does not hold. This point will be further discussed in the next section.
Up to this point we have not specified what is the band structure of the system under consideration. The above derivations are valid for the multiband electronic structure (assuming that the band index is included in k) and can be applied for the calculations of conductivity and GMR within the semiclassical approximation in this general case. This will be discussed in section 16 . Below we consider a free-electron model.
Within a free-electron model the band structure of a magnetic multilayer or a thin film is described using a single parabolic band which is independent of the spin direction. The complicated electronic structure of the transition metals is therefore significantly simplified by neglecting contribution from the d bands and their strong hybridization with the sp bands. Within the freeelectron approximation the expression for the conductivity per spin, which can be found from Eq.(12.5) by integrating over the film thickness, is simplified (e.g., ref.104):
Here we have assumed for simplicity that the relaxation time is independent of k and introduced the layer-dependent mean free paths λ i =τ i v F . In Eq. (12.12) µ refers to the cosine of the momentum perpendicular to the interfaces, d is the total thickness of the multilayer, d i and ρ i are the thickness and the resistivity of the metal layer i, and, as before, we omit spin indices. The first term in this expression gives the conductivity if the various layers were carrying the electric current in parallel. The second term is responsible for finite size effects. The coefficients A ± can be found using the boundary conditions. Fuchs and Sondheimer applied the semiclassical free-electron model to the conductivity of a homogeneous nonmagnetic thin film. 84, 85 The boundary conditions for the film were determined using the following arguments. If the film is placed at 0<z<d, the distribution function at z=0 must have no electrons with v z >0 other than those specularly reflected from the surface because there are no electrons outside the film. Therefore, defining a fraction p of the electrons which are specularly reflected, the boundary condition at z=0 is
Similarly at the opposite side of the film, i.e. at z=d, the electrons with v z <0 could only be those which are specularly reflected from the boundary:
(12.14)
In the case p=1, which corresponds to perfect reflection from the boundaries, the conductivity of the film is identical to the conductivity of an infinite homogeneous metal. 105 If p<1, a fraction of electrons, (1-p), is scattered diffusively. The case of p=0 corresponds to perfectly diffuse scattering, when all the reflected electrons lose memory of their velocity. In the presence of diffuse scattering the conductivity of a thin film decreases with the film thickness. The effect is significant if the film thickness is reduced down to become comparable to the mean free path, i.e. d~λ=v F τ. For thicker films the current density is close to the bulk value in the center of the film, but lowered in the vicinity of the boundaries at distances of the order of λ.
In the case of layered structures, apart from the probability p for specular reflection at the outer boundaries, additional boundary conditions at the interfaces are required. 106 These boundary conditions can be imposed by assuming that the electrons are coherently transmitted with probability T, coherently reflected with probability R, or diffusely scattered with probability D at the interface. The electrons which are diffusely scattered are assumed to be simply lost so that the transmission and 37 reflection probabilities are related by the expression D=1-T-R. Thus, at the interface between layers i and i+1,
15)
(12.16)
Carcia and Suna 106 used these boundary conditions to treat the conductance in nonmagnetic multilayers, assuming for simplicity that the electrons can be transmitted or scattered, but cannot be specularly reflected, i.e. R was set equal to zero.
Camley and Barnas 107 generalized this semiclassical free-electron model to treat GMR in magnetic multilayers and spin valves by assuming that the electric current is spin-dependent and is carried in parallel by the up-spin and down-spin electrons. Within their model scattering in the bulk ferromagnetic layers is treated by introducing spin-dependent relaxation times (or equivalently spindependent mean free paths which enter the expression for the conductivity (12.12) ). Scattering at the interfaces is taken into account by assuming spin-dependent transmission coefficients in the boundary conditions (12.15) and (12.16), i.e.
↓ ↑ ≠ T T
, specular reflection at the interfaces being neglected. Using this semiclassical free-electron model the conductivity and GMR in magnetic multilayers and spin valves can, therefore, be analysed in terms of a number of phenomenological parameters such as spin-dependent mean free paths, spin-dependent transmission probabilities at the interfaces and specular reflection coefficients at the outer boundaries. This model has been extensively used for calculations of GMR and interpreting experimental data. 5, 75, 104, [107] [108] [109] [110] Below, we discuss the main predictions for GMR, which follow from this semiclassical free-electron model.
The magnitude of GMR decreases monotonically with increasing ratio of the thickness of the nonmagnetic spacer layer d NM to the mean free path in the spacer layer λ NM , similar to that displayed in Figs.11,12. There are two contributions to the decrease of the GMR ratio ∆R/R≡∆ρ/ρ P =∆σ/σ AP : the first one contributes to the drop of ∆σ=σ P -σ AP , whereas the second one results in the increase of σ AP . The drop of ∆σ reflects the reduction in the number of electrons, which can reach an opposite FM/NM interface before being scattered within the spacer layer. Asymptotically, the decrease of ∆σ is exponential with a characteristic decay length equal to the mean free path in the spacer layer, i.e. exp(-d NM /λ NM ). However, this asymptotic regime is reached only for d NM >>λ NM , because according to formula (12.12) the conductance may be expressed as an integral over an exponential with respect to various incidence angles of the electrons. This asymptotic regime does characterize those multilayers in which Cu (or other noble metals) is used as the spacer layer. This is due to the relatively large mean free path in Cu, typically of the order of 20nm at room temperature as is estimated from the Drude formula. The regime which is relevant to these experiments is characterized by a more complicated variation of ∆R/R than a simple exp(-d NM /λ NM ). However, as was demonstrated in section 5, a reasonable description can be obtained by introducing an effective scattering length l NM according to Eq. (3.1). Another contribution to the decrease of GMR as a function of d NM comes from the shunting current within the spacer layer, which leads to an increase of σ AP approximately in a linear fashion with d NM . If bulk scattering is negligible compared to the scattering at the interfaces, then the change in ∆σ with d NM will be small. In this case the shunting current becomes the dominant contribution and ∆σ/σ AP drops as 1/d NM .
According to the semiclassical free-electron model the variation of GMR as a function of the thickness of the magnetic spacer layer is different depending on whether the bulk or interface spindependent scattering is dominant. In the case of bulk scattering the GMR ratio exhibits a maximum at a certain thickness similar to that in Fig.13 . This can be seen from the calculated results presented by the solid lines in Fig.20 , which display the magnitude of GMR as a function of the ferromagnetic layer thickness d FM for multilayers with various number of FM/NM bilayers. 109 In this calculation bulk spin-dependent scattering is introduced through the spin-dependent mean free paths in the ferromagnetic layers, namely ↑ FM λ =12nm and ↓ FM λ =0.6nm, and diffuse scattering is assumed at the 38 outer boundaries. As is evident from this figure, the position of the GMR maximum shifts towards lower FM layer thicknesses with increasing the number of bilayers N. The presence of the GMR maximum and its shift with N is a direct consequence of the bulk spin-dependent scattering and the diffuse scattering at the outer boundaries. In the case of a small number of bilayers, e.g., for the trilayer structure with N=1, the position of the GMR maximum is related to the long mean free path in the FM layer, so that
At this FM layer thickness the up-spin electrons are able to contribute to the conduction before being diffusely scattered at the outer boundaries. On the other hand, in the case of a large number of the FM/NM bilayers, the position of the GMR maximum is determined by the shorter of the two mean free paths, so that
λ . This is because for large N the scattering at the outer boundaries becomes unimportant so that the maximum value of GMR will be obtained when the ferromagnetic layer thickness is sufficient to provide scattering of the downspin electrons.
In the case of interface spin-dependent scattering GMR decreases monotonically as a function of the FM layer thickness. This can be seen from the dashed line in Fig.20 , which is calculated for the multilayer with an infinite number of repetitions N by introducing spin-dependent transmission coefficients at the FM/NM interfaces, i.e.
↑ T =1 and ↓ T =0.1. 104 The decrease of GMR reflects the fact that the bulk scattering in the ferromagnetic layers is assumed to be spin-independent and, therefore, increasing the FM layer thickness enhances the relative contribution of this type of scattering. When d FM becomes much longer that the mean free path in the FM layer, λ FM , GMR is inversely proportional to d FM , i.e.
. 108 This dependence can be explained by the argument that only those electrons which leave the FM region of thickness λ FM adjacent to the interface have a sufficiently high probability not to be scattered within this FM layer and, therefore, reach the opposite interface. The rest of the FM layer is inactive and serves only as a shunt, which reduces GMR inversely proportional to d FM .
The semiclassical model predicts that with increasing number of FM/NM bilayers within a multilayer the value of GMR increases until it reaches saturation, which is similar to that found experimentally and presented in Fig.17a . This tendency can also be seen in Fig.20 , according to which at a fixed value of the FM layer thickness the increment of the GMR growth decreases for larger N. This behaviour of GMR versus N is due to the diffuse scattering at the outer boundaries of the multilayer. As has already been explained in section 9, if the longest mean free path is larger than the total thickness of the multilayer, then the diffuse outer-boundary scattering reduces the conductivity of the "good" spin channel and hence effects GMR negatively. The magnetoresistance ratio becomes independent of the number of bilayers when the total thickness of the multilayer is much larger than the longest mean free path.
Increasing the specular scattering at the outer boundaries strongly enhances GMR in FM/NM/FM trilayers, provided that the FM layers are not too thick. This effect is evident from Fig.21 , which shows the calculated magnetoresistance as a function of the top FM layer thickness in the spin valve with varied probability of specular scattering p at the top outer boundary of the trilayer. 111 Bulk spindependent scattering in the ferromagnets and specular reflection at the bottom outer boundary simulating a NiO pinning layer are assumed in this calculation. The enhancement of GMR with the increasing amount of specularity p is due to the stronger specular scattering from the top surface, which unlike diffuse scattering reflects electrons back allowing them to cross the spin valve many times, thereby increasing spin-filtering effects. Note that the optimum thickness of the FM layer at which the maximum GMR is observed also depends on p and decreases with top surface specularity p, which is similar to what was found for the multilayers with an increasing number of FM/NM 
The effect of specular scattering at the top outer boundary of a FM/NM/FM trilayer as calculated from the semiclassical free-electron model. The magnitude of GMR is plotted as a function of the top FM layer thickness for various probabilities of specular reflection p at the top outer boundary. Bulk spin dependent scattering,
and specular reflection at the bottom outer boundary, p bottom =1, are assumed in the calculation. The other parameters of the model are set as follows:
, and ρNM=6µΩcm. After Bailey.
40 bilayers (Fig.20) . This is not surprising because, as has been recognized by Barnas et al., 5 a multilayer with an infinite number of periods can be simulated by considering a bilayer with specular scattering at the outer boundaries in which the FM layer thickness is taken as half the actual one. At larger FM layer thicknesses the GMR ratio for the specular top surface becomes lower than the GMR ratio for the diffuse-scattering top surface. As is seen from the insert in Fig.21 , the crossover occurs at d FM ≈10nm. This is a consequence of the current shunting which becomes dominant over GMR enhancement. Indeed, when the FM layer thickness is larger than the longest mean free path within this layer the specular-reflected electrons are not able to reach the spacer layer and instead contribute to the shunting current.
The semiclassical free-electron model predicts a linear variation in the conductance as a function of cosθ, where θ is the angle between the magnetizations of the two ferromagnetic layers in a spin valve. When the magnetic moments of the FM layers are not aligned, the momentum transfer between the up-and down-spin conduction channels is determined by the transmission coefficients which are given by ) 2 / (
. 107 Using these expressions and assuming diffuse scattering at the outer boundaries and no specular reflection at the interfaces, it can be shown that the conductance of the trilayer, Γ, varies in a linear fashion with cosθ , 27 i.e.
This result is to first order in the GMR ratio equivalent to expression (11.3), according to which the resistance varies linearly with cosθ. However, the difference between these two descriptions can become sizeable for those systems with relatively large values of GMR (see also section 11). We see that the semiclassical free-electron model predicts correctly a number of important features of GMR which are observed experimentally (section III). For example, it qualitatively explains the variation of GMR versus ferromagnetic and nonmagnetic layer thickness, the effect of specular/diffuse scattering at the outer boundaries, the enhancement of GMR with the increasing number of repetitions within a multilayer, and the angular variation of the conductance in spin valves. The great advantage of this model is the ease of application to a particular layered system, which allows understanding qualitative trends in the transport properties. However, as was mentioned above the semiclassical free-electron model ignores the realistic band structure of the multilayer and, therefore, can not be applied for a quantitative description of GMR. Although much experimental data can be fitted well using the semiclassical free-electron model, the parameters, which are extracted from the fitting, should be treated with caution. For example, Camley and Barnas 107 have found that in order to account for the increase in GMR from room temperature to liquid helium temperature they had to use a mean free path of 600nm at 4.2K, which is unrealistically long even for the MBE-grown thin films.
A qualitative failure of the semiclassical free-electron model to describe consistently in-situ conductance experiments in NiO/Co/Cu/Co spin valves was demonstrated recently by Bailey et al. 112, 113 They found striking features in the experimental thickness-dependent conductance which is displayed in Fig.22a . As is evident from the figure, addition of about 1 monolayer of Co to a NiO/Co/Cu surface causes the net film conductance to decrease. The reverse case of Cu on NiO/Co shows a strong positive curvature of the conductance, indicating a reduction of the conductivity in Cu near the interface with Co. Detailed microstructural characterization using in-situ Auger electron spectroscopy and ex-situ X-ray diffraction measurements indicated that the defect concentration does not vary noticeably as a function of thickness. These microstructural measurements suggest that the bulk scattering parameters ρ and λ should be considered to be constant within each layer, and that the surface scattering parameter p does not change between the layers. Under these constraints, it appears to be impossible to fit even qualitatively the highly asymmetric scattering behavior measured during the formation of Co/Cu versus Cu/Co interfaces. As can be seen from Fig.22b , depending on the choice of the interfacial transmissivity parameter T the thickness-dependent conductance either do not display any conductance step at the interfaces or display a step at both Co/Cu and Cu/Co interfaces,
Some of the band structure effects can be captured within an extended free-electron model, which has been proposed by Hood and Falicov. 114 They introduced layer-and spin-dependent effective masses and the relevant band fillings. They then studied the effect of specular scattering from the resulting potential steps at the interfaces. Unfortunately, the number of free parameters in such a phenomenological model is so large that the analysis of the experimental data in terms of this model becomes uncontrolled.
Quantum-mechanical theory
In addition to the lack of an accurate description of the electronic structure, the semiclassical freeelectron model suffers from the inability to describe quantum effects, which become important at small film thicknesses. The confinement of electrons in a thin film leads to a discretization of the energy levels. The corresponding quantum effects become observable when the typical spacing δE between the energy levels near the Fermi energy becomes larger than the level broadening τ / arising from various scattering mechanisms. 115 Since
, where d is the film thickness, the condition for observing quantum size effects is d < λ, where λ is the mean free path. The failure of the semiclassical theory becomes apparent if one considers the conductivity of a thin film with diffusively-reflecting surfaces. 116 In the limit when the mean free path becomes much longer than the film thickness the conductivity tends to infinity, implying that in the absence of bulk scattering the 117 In order to resolve this deficiency of the semiclassical model a quantum-mechanical approach to electronic transport is required. There are several different quantum-mechanical formulations of transport theory which include those of Kubo, 118 Landauer 119 and Keldysh. 120 The Kubo (linear response) formalism considers the electronic transport in a disordered metallic system as a linear response to an applied electric field. 121 The Landauer formalism describes the conductance from the point of view of the transmission of electrons through a conductor and is applicable to mesoscopic transport. 122 The Keldysh (non-equilibrium Green's function) formalism is conceptually more complicated than the Kubo and Landauer formalisms, but is more general because it provides a description of the quantum transport in the presence of dissipative interactions. 122, 123 All these theories can be used for calculations of GMR within a quantum-mechanical approach. In the present review we outline basic principles of the Kubo theory, which is the most widely used for the treatment of GMR (for a detailed formulation of the linear response theory see, e.g., ref.121).
The starting point of the Kubo formalism is the density matrix. The density matrix is the quantum-mechanical operator, which describes the statistical properties of a quantum-mechanical system. It is the analogue of the distribution function within the semiclassical theory, which we have discussed in section 12. The density matrix ρ t satisfies the quantum-mechanical equation of motion
where H t is the Hamiltonian of the system and [,] denotes a commutator. This equation describes the evolution of the system affected by a time-dependent perturbation U(t) due to the applied electric field. We assume that the electric field takes the form ,exp(εt), so that it is uniform in space, is applied at −∞ = t and grows adiabatically to its value , at 0 = t . The latter is taken into account by an infinitesimal positive ε, so that the limit ε→0 should be taken in the final result. The single-electron Hamiltonian of the system can then be represented by where H is the time-independent Hamiltonian of the unperturbed system. Equation (13.1) is the quantum-mechanical analogue of the semiclassical equation (12.1). It describes the time evolution of the system. Initially, i.e. at −∞ = t , the system is at equilibrium and is characterized by the unperturbed density matrix ρ, according to the Fermi-Dirac distribution
Due to the applied electric field (13.2) the system adiabatically follows the perturbation. Within the Kubo formalism we are looking for the solution of the equation (13.1) to first order with respect to the applied electric field. We can, therefore, represent the density matrix as ρ t =ρ+δρ(t), where δρ(t) is a small time-dependent deviation from the equilibrium Fermi-Dirac distribution ρ due to the applied electric field. The linearized equation for the density matrix (13.1) then takes the form
Now we rewrite this operator equation in terms of the matrix elements by introducing a basis of eigenstates α of the unperturbed Hamiltonian H. The equilibrium density matrix ρ has the same eigenstates as H so that 
The time dependence of δρ(t) is determined by the perturbation (13.5), so that δρ(t)=δρexp(εt). Using equations (13.4-13.6) we find the solution for the density matrix at t=0
This solution can now be used for calculating the electrical current. For a spatially homogeneous system the current-density operator is defined by j=-e v/Ω, where Ω is the total volume of the system. We need to calculate the expectation value of j which is determined by ) ( δρ j j Tr = , where we have used the fact that 0 ) ( = ρ j Tr , as in equilibrium there is no net current in the system. Using the definition of the conductivity (12.8) and taking the limit ε→0 we obtain 
. Using the identity
and taking the zero-temperature limit at which )
, formula (13.7) for the conductivity can be neatly represented by
The above formula for the conductivity would generally depend on the particular type of the disorder responsible for the scattering. In order to obtain a result that is independent of the particular disorder configuration but depends only on average characteristics (e.g., defect density or impurity concentration), one has to perform a configurational average of this expression. In this form the above expression is known as the Kubo-Greenwood formula. 124 In many cases it is convenient to carry out the configurational averaging using techniques which have been developed for Green's functions (e.g., refs. 121, 125, 126) . Therefore it is useful to rewrite the Kubo-Greenwood formula in the following form
(13.10)
Here the angular brackets stand for the configurational average and we have introduced the Green's function, which is defined by 44 describes the undisturbed periodic system and V is scattering potential due to the defects or impurities. By configurational averaging we replace this system which is characterized by the random non-periodic potential by an effective medium which possess translational invariance. The configurational averaging leads to the renormalization of the Green's function so that 12) where Σ is the self energy. The above equation can be considered as the definition of Σ, which is an energy-dependent non-Hermitian operator. Its real part shifts the energy levels of the undisturbed system, whereas the imaginary part characterizes the broadening of the levels due to the finite scattering lifetime. ImΣ(E F ) determines, therefore, the relaxation time τ, which has been introduced within the semiclassical theory (section 12). It follows from equation (13.10) that the conductivity tensor requires an average over the product of two Green's functions, i.e. σ∝〈GG〉. In general, performing this averaging explicitly is a complicated problem. This is the reason why very often the conductivity is approximated by the product of the average of the Green's functions, i.e. σ∝〈G〉〈G〉. By making this approximation one ignores the contribution from the vertex corrections in the linear response formalism. 121 This approximation is equivalent to neglecting the scattering-in term in the semiclassical theory, which allows the introduction of the relaxation time approximation (section 12). Similar to the relaxation time approximation, the neglect of the vertex corrections in quantum-mechanical linear-response theory is a non-trivial approximation and has to be justified (see ref.121 for a discussion).
We note that the above derivation of the formula for conductivity is valid for a homogeneous system. In this case the current and applied field can be assumed to be uniform so that one can define the conductivity according to equation (12.8) . This is the conductivity, which is given by the KuboGreenwood formula (13.10). In a general case of an inhomogeneous system the current density is determined by the non-local conductivity according to
The electric field ,(r) in this equation is the local electrostatic field, which arises from the application of the potential difference across the sample. As was explained by Levy, 20 this is an internal field, which is not the same as the field applied externally. For inhomogeneous magnetic systems the local internal field is position-and spin-dependent. If the rate at which the electrons are scattered varies from one region to another, then electrical conduction will lead to a spatial redistribution of charge. This charge redistribution in inhomogeneous media results in a nonuniform internal electric field. In magnetic systems electron conduction is spin-dependent. Spin-polarized electric currents in inhomogeneous media lead to a spatial redistribution of spin as well as charge. 127 This phenomenon is known as spin accumulation or current-driven magnetization. The internal electric field in equation (13.13) may, therefore, be different for different spins. In magnetic multilayers the effect of a position-and spin-dependent internal field is very important for perpendicular transport because these systems are inhomogeneous in the direction of electric current. 20 For parallel transport, however, the internal electric field is a constant, because these layered systems are homogeneous in the plane of the layers. The Kubo-Greenwood formula (13.10) can, therefore, be used for the treatment of CIP GMR.
45
The quantum-mechanical model for GMR was first introduced by Levy et al. 128 They used the Kubo formalism to calculate the conductivity of free electrons scattered by a spin-dependent potential 14) which is produced by random-point scatterers. In the above formula r a is a random position of the scatterer, m is a unit vector in the direction of magnetization, σ σ is the Pauli matrix, v a and j a characterize the strength of the spin-independent and spin-dependent contribution to the scattering potential respectively, which may be different for different layers and interfaces. Performing the configurational averaging in momentum space, Levy et al. derived a simple formula for the local conductivity, which can be expressed in terms of the local spin-dependent scattering rate ∆(z) as
where z is a coordinate perpendicular to the layers. The local scattering rate ∆(z) is determined by the appropriate average of the z-dependent scattering rates within the different layers. The total CIP conductivity of the multilayer can be found by integrating over the multilayer thickness
In the limit of the mean free path being long compared to the layer thickness, Ojd, this model reduces to the series-resistor model, which was introduced in section 3. In particular, in the case of interface scattering the result for GMR is given by formula (3.5), in which the asymmetry parameter D is determined by the interfacial scattering parameters in equation (13.14), namely
. In the case of bulk scattering the value of GMR can be found from formula (3.6), in which D is determined by bulk scattering parameters in equation (13.14), namely
. The same model of free electrons scattered by spin-dependent potential (13.14) was used by Camblong et al. 129, 130 to describe GMR within a real-space approach. According to Camblong 130 the real-space approach works better because it avoids the local approximation for the conductivity which was used in the momentum space approach of ref. 128 . Solving equation (13.12) within a weak scattering approximation and in the dilute limit of impurity concentration, Camblong et al. derived expressions for the non-local conductivity for both the CIP and CPP geometries. They found that the semiclassical approach for multilayers and the real-space quantum theory produce the same magnetotransport properties, provided the effect of quantum interference and quantum-size effects are neglected. A similar conclusion was arrived at by Vedyayev et al. 131 who used the real-space quantum-mechanical approach for the conductivity of free electrons affected by bulk spin-dependent scattering in spin valves. 132 The quantum models of Levy et al. 128 and Camblong and Levy 129, 130 have been compared with the "exact" solution for the conductivity by Zhang and Butler.
133 Similar to refs.128-130 they used the model of free electrons with random point scatterers and calculated the position-dependent conductivity without the vertex corrections. However, instead of deriving the expression for the selfenergy from a Hamiltonian by configurational averaging, they assumed that the imaginary part of the self-energy is a phenomenological parameter and compared approximations used by the previous authors within the quantum and semiclassical models. Zhang and Butler found that the Camblong and Levy's approach is identical to the Fuchs-Sondheimer theory within the relaxation time approximation and specular boundary conditions at the interfaces. As can be seen from Fig.23a , this approach predicts the total CIP conductivity of a multilayer in good agreement with the exact solution. This fact demonstrates that in the absence of potential discontinuities at the interfaces Fig.23a that although the model of Levy et al. 128 predicts the correct thin and thick limits, it does not accurately reproduce the exact results for intermediate film thicknesses. Fig.23b compares the calculated results for GMR within the different models. As is seen from the figure, the model of Levy et al. strongly overestimates GMR, whereas the Camblong and Levy's or semiclassical results are much closer to the "exact" curve.
The above quantum models for GMR assume that the origin of GMR lies in spin-dependent scattering potentials at the interfaces or in the bulk metals. By using the free-electron approximation these models ignore the variation of the intrinsic spin-dependent electronic potential of the layered structures. An extension of the free-electron theory for magnetic multilayers to include the intrinsic potential within the Kronig-Penney model has been performed by Zhang and Levy 134 in the momentum-space approach and Bulka and Barnas 135 in the real-space approach. They found that the spin-dependent steps at the interfaces could enhance or reduce GMR depending on the parameters characterizing the potential. It was also shown that the GMR phenomenon could occur in structures with no spin asymmetry in the relaxation times, but with a spin-dependent electronic structure (which originates in the above models from introducing a spin-dependent potential within the multilayer). However, quantitative predictions are difficult because of the unknown parameters characterizing the spin-dependent potential. Only a full band structure calculation can predict why potential steps at the interfaces may be important.
The effect of the intrinsic step-like potential on GMR in spin-valve structures was also considered by Vedyayev et al. 136 and Barnas and Bruynseraede. 137 They found that their results are strongly influenced by quantum-size effects at small layer thicknesses and predicted oscillations in GMR as a function of the layer thicknesses. Unfortunately, these quantum-size effects in GMR which make the quantum free-electron models conceptually different from the semiclassical free-electron models have not yet been observed. Apart from the quantum-size effects, the variation of CIP GMR as a function of magnetic and non-magnetic layer thickness within the quantum free-electron models qualitatively reproduces semiclassical results. 129, 133 Although quantitatively the predictions of the semiclassical and quantum models might differ, the experimental data can be fitted well using both approaches. 131 However, neglecting the realistic band structure, which is the grossest approximation inherent in the free-electron models, makes quantitative comparison of these models with experiments unreliable. Including an accurate spin-polarized band structure to the models for GMR will be considered in section V.
Tight-binding models
A single-band tight-binding model is another simple way to describe the electronic band structure of a metal. Unlike the free-electron theory, the tight-binding theory describes the electronic structure in terms of localized atomic orbitals, which overlap due to the bonding between neighboring atoms. 138 The propagating (Bloch) states, which are responsible for the electronic transport in metals, can be built up from the atomic orbitals by solving the respective Schrödinger equation. The tight-binding approach is especially suited to numerical calculations of the conductance because it discretizes the spatial continuum in terms of atomic cites. A single-band approximation to the tight-binding model is, of course, a strong simplification to the band structure. However, as we will see in section 17, the tight-binding model can be generalized to a multiband description of the electronic structure which makes it a very powerful tool for modeling GMR.
A single-band tight-binding Hamiltonian takes the form
where E i are i are the on-site atomic energy and the atomic orbital at site i respectively. The tightbinding hopping matrix elements ij h are usually assumed to be non-zero only between nearestneighbor lattice sites. This simple model is quite flexible and allows elaboration. In particular, the Stoner exchange splitting of the spin bands can be included in this model by taking different on-site atomic energies for the up-and down-spin electrons. Disorder can be introduced by assuming randomness in the on-site energies or in the hopping matrix elements. Impurities can be included by putting atoms with their on-site energies, which are different from those of the host atoms. Using this tight-binding model for studying GMR helps to elucidate the microscopic origin of spin-dependent scattering, an important issue which has not been addressed within the phenomenological freeelectron models described in sections 12 and 13. As was discussed in the previous section, in order to calculate the transport properties of a disordered metal an appropriate configurational average has to be performed. This configurational averaging can be carried out analytically using the Green's function's methods (e.g., ref.125) within certain approximations, e.g., low density of impurities/defects, weak scattering potentials, and neglecting vertex corrections. The drawback of this approach is that frequently the validity of the approximate solution is difficult to monitor. An alternative approach is to perform the averaging numerically by generating a number of random configurations of disorder/impurities within a sufficiently large cell. An efficient method for calculating conductance using this approach has been developed in the field of mesoscopic physics. 139 This method utilizes the discrete nature of the tightbinding model and is based on the Kubo formula and the recursive Green's function technique. The disadvantage of the recursive method is that it is computationally demanding. One is limited to a relatively small cell size, which may lead to artifacts due to the effect of boundary conditions. Nevertheless, this method has become a powerful tool for studying GMR, especially within the CPP geometry (see section VI). Below we outline the basic ideas of this approach.
The geometry of the system, which is normally considered for calculating the conductance within the recursive technique, is shown schematically in Fig.24 . The sample under consideration, e.g., a magnetic multilayer, is placed between two semiinfinite leads. The sample can be, in general, disordered but the leads are assumed to be perfect. We note that although the system, which is shown in Fig.24 , represents an infinite wire, periodic boundary conditions can, if required, be imposed in the transverse direction to built an infinite multilayer. It is assumed that at infinity the leads are connected to reservoirs, which are at thermodynamic equilibrium. The electric current in the system is driven by a small electrochemical potential difference between the reservoirs. Such a formulation of the problem is typical for the Landauer approach to the electronic transport in mesoscopic systems. 122 It has been proved that the Landauer formalism can be derived directly from the Kubo formalism, 140 the latter being an efficient method for calculating the conductance within the recursive technique. 139 Within the above formulation the conductance rather than the conductivity (13.10) is the subject of interest. The Kubo formula (13.10) for the zero-temperature conductance * per spin can be rewritten for the case of a simple cubic lattice with lattice constant a as
Here v is the projection of the velocity operator to the direction of current (the z direction in Fig.24 ) and ) ( F E G is the Green's function of the total coupled system, which includes the right and the left electrodes and the sample, at the Fermi energy E F . The Kubo formula (14.2) can be evaluated by "cutting" the system in the transverse direction (i.e. in the xy plane in Fig.24 ) and calculating the matrix elements of the Green's function and the velocity operator between the atomic planes l and l+1. Due to the current conservation condition the result for the conductance is independent of l and the latter can be chosen arbitrarily. The velocity operator can be represented as
where l i, is the atomic orbital of atom i in plane l and h il,jl+1 are hopping matrix elements between planes l and l+1. Normally it is convenient to take l being the last atomic plane of the sample L so that L+1 is the first layer of the right lead. The matrix elements of the Green's function of the total system 49 at planes L, L+1 and between them can be evaluated using the recursion technique as described below. First, one finds the matrix elements of the surface Green's function for the detached semi-infinite leads. A simple algebraic expression can be derived within the single-band tight-binding model and a simple-cubic geometry. 141 In a general case, the surface Green's function can be expressed in terms of the Green's function for the bulk metal, 142 the latter being calculated in momentum space using standard techniques. Then, the sample is grown by adding atomic layers with impurity atoms distributed randomly, layer by layer, onto the left lead. At every step the Green's function matrix elements between atomic sites in the last added layer are calculated by solving numerically the Dyson equation:
Here g l is the Green's function of the left semiinfinite lead with added l layers ( L l ≤ ≤ 0 ) of the sample (before adding the layer l+1), g l+1 is the Green's function of the left semiinfinite lead with added l+1 layers of the sample (after adding the layer l+1), H l+1 is the Hamiltonian of the added layer l+1, h l,l+1 is the hopping (bonding) between atoms in the new layer l+1 and atoms in the previous layer l. Once the sample has been fully-grown, the last layer is bonded to the right lead in order to obtain the Green's function ) ( F E G of the full system, which enters the expression for the conductance (14.2). We note that this method gives an exact solution for the given model and geometry and describes the conductance for a particular disorder/impurity configuration. The configurational averaging should be performed numerically by generating a number of random disorder/impurity configurations.
Asano et al. 143 implemented this approach for studying GMR in a Fe/Cr magnetic multilayer within the CIP and CPP geometries. They used a single-band s-valent tight-binding model within a simple cubic geometry with (001) orientation of atomic planes and constant hopping h between nearest-neighbors (so that h il,jl+1 =hG ij in equation (14.3) ). They introduced a Stoner exchange splitting 2J of the spin bands in Fe, so the on-site atomic energies of the majority-and minority-spin electrons were equal E Fe =E Fe J and E ¡ Fe =E Fe +J respectively. They assumed that Cr was non-magnetic with on-site atomic energy chosen to be equal to the minority on-site atomic energies of Fe, i.e. E Cr =E ¡ Fe . Due to this the minority-spin electrons do not experience a potential step (or roughness potential) for the parallel alignment of the magnetizations. Using this model Asano et al. studied the effect of interface roughness and bulk disorder on CIP and CPP GMR. The interface roughness was introduced through substitutional randomness at the interfacial layers. This implied that in the Fe layer, each atom adjacent to the Cr layer was replaced by the Cr atom with a probability c. Similarly, in the Cr layer each atom adjacent to a Fe layer was replaced by the Fe atom with the same probability c. The bulk disorder was modeled by a random variation of the on-site atomic energies of the Fe and Cr atoms with a uniform distribution of width J, which was assumed to be spin-independent and was allowed to vary in the calculations. The resulting conductance was averaged over 100 random configurations of roughness or disorder.
As is evident from Fig.25a , the magnitude of CPP GMR is much larger than the magnitude of CIP GMR and they behave differently as a function of the interface roughness, the measure of which is the intermixing concentration c of the two monolayers forming the interface. Not unexpectedly, within the model considered the interface roughness has a beneficial effect on CIP GMR, because it is the only mechanism of spin-dependent scattering and, therefore, CIP GMR increases with c (the full squares in Fig.25a ). The presence of steps in the electronic potential at the interfaces has little influence on CIP GMR, which is found to be close to zero in the absence of roughness. On the contrary, a sizeable CPP GMR is found in the absence of any roughness, the latter only weakly reducing GMR (the open circles in Fig.25a ). This is the result of the spin-dependent potential of the multilayer, which effects differently the number of electrons contributing to the conduction for the parallel and antiparallel configurations (see also section 15). Figure 25b shows the magnitude of GMR as a function of bulk disorder within the multilayer, which is measured by the width of the distribution in the on-site atomic energies J. As is seen from the figure, the value of GMR decreases with increasing J for both the CIP and CPP geometries. This is a direct consequence of the increasing scattering in the "good" minority conduction channel, which reduces the conductance within the parallel configuration of the multilayer.
A similar tight-binding model was used by Itoh et al. 144 who studied the combined effect of roughness and potential barriers at the interfaces on CIP and CPP GMR in magnetic multilayers. Unlike Asano et al., 143 they used the coherent potential approximation (CPA) 126, 145 to perform their configurational averaging. Within the CPA the disordered alloy (at the interface) is replaced an effective medium which is characterized by the Hamiltonian H eff =H 0 +6, where the non-hermitian selfenergy operator 6 is defined by equation (13.12). The approximate solution for 6 can be found by the self-consistent condition that the scattering of electrons in the effective medium by any site (a singlesite CPA) or any cell (a single-cell CPA) vanished on average. Itoh et al. 144 used the single-cell CPA, which is a better approximation than the single-site CPA due to a larger number of atoms, over which the configurational averaging is performed exactly. Within the single-cell CPA they derived selfconsistent analytic expressions for the conductivity including the vertex corrections. They found that in the CIP geometry the vertex corrections vanish, whereas in the CPP geometry the vertex corrections do not necessarily vanish. Since the single-cell CPA is computationally expensive, Itoh et al. carried out numerical calculations in the weak-scattering limit for thin metal layers consisting of three atomic monolayers. Their results for GMR are consistent with those predicted by Asano et al. 143 within the recursive technique. They find that the CPP GMR is larger than the CIP GMR, which is a consequence of the spin-dependent potential steps at the interfaces introduced in their model. The difference between the CPP and CIP geometries decreases strongly with decreasing step size. The interfacial roughness is favorable to CIP GMR but has a small negative effect on the CPP GMR. They also find that the contribution from the vertex correction to the CPP conductance is negligible. This 143 51 result might be the consequence of the small multilayer period, which was used in computations, so that the mean free path is much longer than the layer thickness.
The recursive technique was used by Todorov et al. 146 for calculating CIP GMR of the FM/NM/FM trilayer to study the effect of band structure and interface roughness within a single-band tight-binding model. There are three major differences between the models used by Todorov et al. and Asano et al. 143 First, Todorov et al. introduced different hopping integrals for the up-spin and downspin electrons in the ferromagnetic metal. This was supposed to reflect the difference in the majorityand minority-electron dispersions and the density of states at the Fermi energy, which are typical for real ferromagnetic metals. The on-site atomic energies were assumed for simplicity to be the same for all the atoms. Second, the interface roughness was introduced as steps of random length l step along the trilayer with a correlation length l cor defined by l cor =〈l step 〉. This allowed studying the effect of the roughness correlation length (i.e. the step density) on GMR. Third, the calculations were performed for a range of trilayer lengths L, and the linear region of the R versus L relation was used to obtain the Ohmic resistivity ρ=A(dR/dL), where A is the trilayer cross section. This eliminated the effect of contact resistances, which affected the value of GMR that are obtained directly from R for a fixed L. 143 The range of L, from which ρ was calculated, exceeded the effective mean free path in the trilayer by a factor between 5 and 10, so that the diffusive regime of conduction is being modeled.
Todorov et al. find a sizable CIP GMR in the absence of the interface roughness. The effect arises from the difference in the mean free path and bulk resistivity between the up-spin and the down-spin channels in the magnetic material, which in turn comes from the respective difference in the density of states and the Fermi velocity. GMR decreases with increasing bulk disorder, approaching zero in the limit of the mean free path for both spins becoming smaller than the trilayer thickness. The above results indicate that the spin-dependent band structure, in conjunction with the intrinsic bulk disorder in real systems, is a sufficient condition for GMR. The chemically sharp interfacial roughness generally enhances the effect. The contribution of the roughness, however, becomes quantitatively significant only in the limit of sufficiently dense interfacial steps (small correlation length of the roughness), sufficiently weak bulk scattering, and sufficiently thin magnetic layers. This is evident from Figs.26a and 26b. Fig.26a shows GMR as a function of the roughness correlation length. As is seen from the figure, with increasing correlation length GMR decreases, approaching its value without roughness. These results are consistent with the experimental data by Schad et al. 70 on GMR in epitaxial Fe/Cr multilayers discussed in section 7 (see also Fig.14a ). Fig.26b shows the dependence of GMR on the magnetic layer thickness. As can be seen from the figure, GMR decreases with increasing d FM , but in the case with the roughness, the decrease is faster than in the case without the roughness. This result is consistent with the different behavior of bulk and interface spin-dependent scattering predicted by the semiclassical free-electron model (see section 12).
Although some band structure effects have been included in the models of Asano et al. 143 and Itoh et al. 144 by introducing the spin-dependent multilayer potential and in the model of Todorov et al. 146 by using the spin-dependent band widths, in general single-band tight-binding models are not able to describe accurately the spin-polarized band structure of real magnetic layered systems. A more accurate band structure was considered by Itoh et al. 147 for studying the material dependence of magnetoresistance and thermoelectric power in Fe/TM and Co/TM multilayers, where TM = Sc, Ti, V, Cr, Mn, Ru, Rh, or Pd. They used the tight-binding d-band model and calculated self-consistently the electronic structure and the magnetic moments of rough Fe/TM and Co/TM interfaces. They ignored, however, the contribution from the sp bands and their hybridization with the d bands which is, as we will see below, crucial for GMR.
V. MULTIBAND MODELS
As has already been noted above, free-electron and single-band s-valent tight-binding models oversimplify the electronic structure of the magnetic multilayers which are used in GMR experiments. These models cannot account realistically for the angular character of the d orbitals, which is partly responsible for the magnetism in transition metal ferromagnets. They neglect, moreover, the contribution from the d bands to the electronic transport, which is important due to the presence of the d bands at the Fermi energy, as for the minority-spin electrons in Co (see Fig.3c ). These models also ignore the hybridization between the sp and d electrons which is, as we will see, very important for GMR. Only accurate multiband models can adequately take into account the above effects.
Powerful methods of electronic band structure calculations have been developed during the last few decades, which are based on density-functional theory (for a review see, e.g., ref.148). These methods do not involve any empirical parameters and are therefore referred to as "ab-initio" or "first principles". Density-functional theory is a general approach for calculating the ground-state properties of an interacting electron gas in the presence of an external potential. It is based on the Hohenberg and Kohn theorem 149 which states that the ground-state energy of the many body system is a unique functional of the electronic charge density n(r). Kohn and Sham 150 showed that minimizing the total energy under assumption of the electronic charge density being a sum over all occupied single-particle states ψ i (r), i.e. Here the wave functions ψ i (r) and eigen-energies E i are labeled according to a state index i. Equation (V.2) is similar to a single-particle Schrödinger equation with an effective Hamiltonian, in which the 53 first term is the kinetic energy, the second term is the external potential that includes the electrostatic potential from the nuclei, the third term is the Hartree potential of the total electronic charge distribution, and the fourth term is the exchange-correlation potential. The exchange-correlation potential includes all many-body effects and, therefore, cannot be calculated exactly. The common approximation is the local density approximation (LDA). Within the LDA the exchange-correlation energy E xc [n(r)] for an inhomogeneous system is assumed to be given by the exchange-correlation energy density 0 xc [n(r)] for a homogeneous electron gas of charge density n(r) so that
The LDA is formally justified for slowly varying densities, but it has been found in practice to provide a good description of the ground state properties of non-magnetic transition metals, in addition to the more free-electron-like sp-valent metals. In particular, density functional formalism can be extended to magnetic systems 151 by introducing the spin densities n ↑ (r) and n ↓ (r), so that the charge density is n(r)= n ↑ (r)+ n ↓ (r). In this case the single-particle wave functions become spin-dependent, the exchange-correlation energy becomes a functional of the spin densities, E xc [n ↑ (r),n ↓ (r)], and the LDA is generalized by the LSDA, which is the local spin-density approximation. 152 The Kohn-Sham equations (V.2) have to be solved self-consistently, because both the Hartree and exchange-correlation potentials depend on the output density. The resulting singleparticle eigenfunctions ψ i (r) and eigenvalues E i can be used for calculating transport properties. 153 A variety of techniques have been developed to solve the Kohn-Sham equations, among them the augmented plane wave method (APW), 154 the Green's function Korringa-Kohn-Rostoker (KKR) method 155 and the linear-muffin-tin orbital method (LMTO). 156 All these methods can be implemented within the "full-potential" approach, which provides a numerically exact solution. Most of calculations are, however, performed using shape approximations for the potential, such as the muffin-tin approximation or the atomic sphere approximation (ASA), which work well for closepacked crystal structures. These approximations make the computations much faster without significant loss in accuracy. If applied to the electronic band structure of the bulk transition 3d metals all these methods give similar results. An example of the band structure calculated using the LMTO-ASA method is given in Fig.5 for bulk Cu and Co.
The multiband tight-binding approximation is a more empirical approach for calculating the electronic band structure, which is a generalization of the single-band approximation considered in section 14. Although not as accurate as the ab-initio models, the multiband tight-binding models provide valuable insight into electronic transport by simplifying the physics involved. They also allow considerable saving in computer time compared to full-scale first-principles calculations. The multiband models for transition metals include the valence s, p and d orbitals, which are characterized by different on-site atomic energy levels. The effects of bonding and hybridization enter through twocenter hopping integrals between atomic orbitals with characteristic angular momenta. The angular variation in the hopping matrix elements with neighboring sites has been tabulated by Slater and Koster. 157 Spin polarization is treated by introducing two different sets of tight-binding parameters for the majority and minority spins. For the 3d ferromagnets sizable spin dependence appears, however, only for the on-site energies of the d orbitals, which reflects the Stoner exchange spitting of the spin bands. 34 The values of the tight-binding parameters, i.e. the hopping integrals and the on-site atomic energies, can be obtained by fitting the tight-binding bands to the bands calculated by the firstprinciple methods described above. 158 This makes it possible to represent accurately the electronic structure of the transition metals. The electronic structure for a multilayer can be built either by fitting the ab-initio band structure for this multilayer or from the tight-binding parameters of the respective bulk metals. In the latter case the hopping integrals between non-equivalent species can be set as the geometric mean of the respective hopping integrals for each species and the on-site energies can be set to equate the Fermi energies of the respective bulk metals. In this approximation the tight-binding model for the multilayer does not describe self-consistently the rearrangement of the electronic charge at the interfaces. Some self-consistency can be introduced using the condition of local charge neutrality, 159 in which the relative position of the on-site atomic energies is adjusted to guarantee zero net charge on each atom. This is a reasonable approximation for metallic multilayers.
The multiband tight-binding model can be derived from first-principles using the tight-binding linear muffin-tin orbital (TB-LMTO) method, 160 in which the basis muffin-tin orbitals are screened by the presence of their surrounding neighbors into a more localized or tight-binding form. Using the tabulated LMTO structure constants a set of nearest-neighbor tight-binding parameters can be generated for a magnetic layered system by solving the Dyson equation for the screening selfconsistently. These parameters can then be used as input for calculating conductance.
The above first-principle and tight-binding methods can be used for calculating the electronic structure of magnetic thin-film systems. However, in order to analyze transport properties, these models have to be extended to include disorder, which generates a random potential and scatters the electrons at the Fermi energy. Including disorder is important because all the experiments on GMR performed to date are carried out in the diffusive regime, in which the conductance is limited by scattering. Within the diffusive regime the sample dimensions are much larger than the mean free path. A realistic description of disorder is one of the key problems for predicting GMR because depending on the model for disorder the result for GMR can be very different. We will discuss various approached to include disorder and to treat GMR in the diffusive regime of conduction in sections 16-18. Opposite to the diffusive transport regime, the ballistic regime assumes that the sample dimensions are much smaller than the mean free path. 161 In this regime the conductance is not affected by scattering but is determined entirely by the band structure and the device geometry. All the complications resulting from the disorder in the diffusive regime do not exist in the ballistic regime, which allows parameter-free first-principle calculations of GMR to be performed. 162, 163, 22 Although the ballistic regime has not yet been probed experimentally in GMR materials, considering this limit for conduction is useful to demonstrate the importance of the spin-polarized band structure for GMR. This point will be illustrated in the next section.
Ballistic limit
The conductance of a disorder-free system is determined by the kinematic motion of the electrons. Even though the electrons passing through the sample are not scattered, the conductance of the sample is finite due to its finite cross-section. The magnitude of the conductance is determined by the electronic band structure of the material from which the sample is fabricated and can be calculated from first principles. In order to derive the expression for the ballistic conductance Γ we write down, first, the expression for the net current which flows across the sample of cross section A due to applied voltage V. The net current per spin, I, is given by the difference in the number of electrons propagating in opposite directions, i.e.
∑ ∫ ∫
where f(E) is the Fermi distribution function, ds is a cross sectional element of the sample, and the velocity of band η can be determined from the band dispersion
Here as before we have omitted the spin indices. Assuming that the voltage is small and taking the zero-temperature limit we arrive at the conductance
where n is a unit vector in the transport direction and the factor ½ appears because only electrons moving in one direction contribute to the current. Mathematically this formula represents a weighted 55 density of states at the Fermi energy. This formula is suitable for practical calculations of the ballistic conductance and can be applied to magnetic multilayers. The formula (15.2) can be rewritten in a different way. Performing explicitly the integration in equation (15. 2) with respect to the momentum k z along the direction of transport z we obtain
where k || is the transverse momentum, i.e. the momentum perpendicular to the current, and ) ( || k η Q is the number of roots in the equation
for a given k || and spin. This representation is equivalent to the Landauer expression for the ballistic conductance (see, e.g., ref.22 for a discussion). According to equation (15. 3) the conductance is determined by the number of conducting channels N opened for the current-carrying electrons, which is determined by the density of the transverse modes at the Fermi energy.
We note that the ballistic conductance of an ideal periodic structure does not depend on the length L of the sample along the direction of the current (which makes the conductivity infinite). As long as L is much smaller than the mean free path, the conductance per unit area is determined only by the number of open conducting channels, i.e. entirely by the band structure. We also note that unlike conductivity, the ballistic conductance in systems with cubic symmetry is, in general, not isotropic.
Using the LMTO-ASA method and formula (15.2) Schep et al. 163 calculated the ballistic conductance of bulk Cu and Co metals, which is shown in Figs.27a,b respectively. Although only the value at the Fermi energy is relevant, the conductance is plotted as a function of the band filling to indicate the contributions from different bands. Schep et al. found that at the Fermi energy the ballistic conductance of Cu is well described by the free-electron estimate (see the dashed line in Fig.27a ). For the energy range between 1.5 and 4eV below the Fermi energy the ballistic conductance is significantly enhanced due to the high density of electrons of mainly d character. This is opposite to the diffusive regime in which the heavy d electrons contribute little to the conductance (see the discussion in section 2). The enhancement is, however, considerably less pronounced than that in the corresponding density of states (compare to Fig.5a ). This is due to the weighting in equation (15.2) with the velocity, the latter being much smaller for the relatively flat bands in this energy range. For the energies more than 6eV below the Fermi energy there is only one band which has mainly s character. In magnetic Co the degeneracy between the up-and down-spin electrons is lifted. As is seen from Fig.27b , the ballistic conductance depends on the spin direction due to the spin dependence of the electronic structure. For the majority-spin electrons the ballistic conductance resembles that in Cu. The minority-spin d bands are shifted to higher energies resulting in the higher minority-spin conductance at the Fermi energy. In contrast to the results for Cu and for the majority spins of Co, Schep et al. found no reasonable free-electron estimate for the minority-spin conductance of Co, which reflects the complicated band structure of Co for this spin direction at the Fermi energy. The difference in the electronic structure for the majority and minority spins in bulk Co at the Fermi energy leads to a difference in the spin conductance, which inevitably should affect the conductance of a Co/Cu multilayer and hence result in GMR. This has, indeed, been found by Schep et al., 162 who predicted that in the ballistic regime the CPP conductance increases by more than a factor of two when the relative orientation of the magnetizations of adjacent magnetic layers in a Co/Cu multilayer is changed from antiparallel (AP) to parallel (P). Such a sizable difference in the conductance reflects the contribution from electrons of different orbital momenta to the current. According to equation (15. 3) the ballistic conductance is determined by the geometric properties of the Fermi surface, namely the projection of the Fermi surface in the direction of the current )
Schep et al. investigated this projection in k || space for the Co/Cu multilayers and found a significant difference between the majority and minority spins. Although for the majority spins within the P configuration ) ( || k η Q resembles the free-electron picture, the minority spins within the P configuration and both spins within the AP configuration are not free-electron-like. The majority-spin s electrons shunt the current within the P magnetizations making the conductance for this configuration much higher than that for the AP configuration, which is mainly determined by the d electrons. Fig.28 shows the variation of the ballistic conductance and GMR for Co n /Cu n multilayers as a function of the layer thickness n for the CPP and CIP geometries. 163 We see from Fig.28a that for small layer thicknesses the CPP conductance decreases rapidly with n, which arises from the evanescent states in the Co and Cu layers and from the deviations in the potential near the interfaces from the bulk value. 163 For larger layer thicknesses the conductances approach constant values corresponding to CPP GMR of about 100%. We see from Fig.28b that the GMR in the CIP geometry is much lower than in the CPP geometry and decreases with the layer thickness. In this case the minority-spin electrons display a higher conductance within the P configuration reflecting that in bulk Co. We note that the calculated values of CIP GMR are much lower than the experimental values obtained for the Co/Cu multilayers (e.g., ref. 44 ). This indicates that scattering must be included in order to obtain agreement with experiments.
As is seen from Fig.28 , both the CIP and CPP conductances display small damped oscillations as a function of the number of monolayers. These oscillations originate from quantum size effects and were first predicted by Mathon et al. 164 for the CPP GMR within the ballistic transport regime. Using a single-band tight-binding model and the recursive approach Mathon et al. predicted the presence of two types of oscillation. The first type of oscillation results from stationary points at the Fermi surface and has a period, which is determined by the wave vector spanning the Fermi surface of the spacer layer in the direction perpendicular to the planes. This type of oscillation has the same period as that predicted earlier for the oscillatory exchange coupling. 165 The second type of oscillation results from potential steps at the interfaces and is determined by the transmission cutoffs of the transmitting states close to specular reflection. Using a similar approach to calculate the ballistic conductance and CPP GMR in Co/Cu multilayers within a multiband tight-binding model Mathon et al. 166 found the 57 presence of both types of oscillation periods. They showed that the conductance oscillations for the majority-spin electrons within the P configuration have periods, which are determined by the stationary points at the Fermi surface of Cu. On the other hand, the conductance oscillations of the minority-spin electrons in the P configuration and either-spin electrons in the AP configurations are dominated by the periods which are determined by the conductance cutoff due to a mismatch between the Co and Cu bands across the Co/Cu interfaces. We note that neither type of oscillation has yet been observed in experiments on CPP transport, which is most probably due to the interface and bulk disorder in real multilayers. The latter fact is confirmed by calculations in the diffusive regime of conduction, which will be presented in section VI.
Schep et al. 162 have demonstrated the crucial role of the hybridization between the dispersive sp bands and the localized d bands for GMR within the ballistic regime. They switched off the sp-d hybridization by setting the matrix elements between the sp and d orbitals in the LMTO structure constants equal to zero. This resulted in a significant drop of CPP GMR, e.g., from 120% to 3% for the (001)-oriented Co 5 /Cu 5 multilayer. The origin of this effect can be explained as follows. The unhybridized sp and d bands carry the electric current independently and can thus be considered as two parallel conduction channels. In the absence of hybridization the sp electrons are not spinpolarized and, therefore, do not contribute to GMR. On the other hand, although the d electrons in Co are spin-polarized, they do not contribute to the conductance because in the absence of the sp-d hybridization they are not coupled to the sp bands of Cu (which are the only bands at the Fermi level) and, therefore, can not be transmitted across the spacer layer. The importance of the sp-d hybridization for GMR suggests that theories which ignore this hybridization are leaving out a crucial ingredient. We will see in section 17 that the sp-d hybridization also plays a decisive role for GMR within the diffusive regime. 
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Semiclassical theory
Accurate models for the band structure can be incorporated within semiclassical transport theory to calculate GMR in magnetic multilayers in the diffusive regime of conduction. The simplest way to proceed is to use the relaxation time approximation, as was described in section 12. In this case the conductivity of a bulk homogeneous system can be calculated using expression (12.10). Although magnetic multilayers are not homogeneous in the direction perpendicular to the planes, one can still use this expression within the CIP geometry, because as was discussed in section 13 the internal electric field is a constant in this case due to the homogeneity of the multilayers in the plane of the layers. The validity of the relaxation time approximation is often not known, but even within this approximation an accurate quantum-mechanical calculation of the relaxation time is not trivial and, as we will see below, requires sophisticated techniques. In addition, the relaxation time depends on the model for disorder which determines the mechanism of scattering.
The simplest approach is to assume a constant relaxation time, as was done by Oguchi. 167 In this case formula (12.10) for the conductivity in the ν direction per spin can be rewritten as
where we have introduced the integration over the Brillouin zone and displayed explicitly the summation over band index η. As is seen, the conductivity is factorised into a scattering term τ and the electronic structure term. The electronic structure term is similar to that in the ballistic regime of conduction (compare to equation (15.2)) and can be evaluated without any free parameters. Within the approximation of a state-and spin-independent relaxation time τ the GMR ratio does not depend on τ and is entirely determined by the band structure. Oguchi calculated self-consistently the electronic band structure of a Co 3 /Cu 3 multilayer using the LMTO method and found values of GMR of 47% for CIP and 170% for CPP. These values are higher than those obtained within the ballistic regime (although of the same order of magnitude), which is due to the additional velocity-weighting factor in formula (16.1) which enhances the spin asymmetry. Oguchi was the first to point out the importance of the band structure (the Fermi velocities) for GMR. However, his assumption of a state-and spinindependent relaxation time is difficult to justify. In particular, neglecting the spin dependence of the τ is unrealistic, at least due to the density of states factor in equation (1.4) which is spin-dependent. Zahn et al. 168 used expression (16.1) for the spin conductivity to calculate GMR in Fe/Cr multilayers, assuming that the relaxation time is spin-dependent (but still state-independent). Scattering was introduced into their model by assuming the presence of Cr impurities in the Fe layers within the low-concentration limit. They used an explicit expression for the spin-dependent scattering probability
in which the T matrix describes the scattering of an electron by an impurity embedded in the multilayer. This expression can be considered as a generalization of the Fermi golden rule (1.4) to include all orders of perturbation theory with respect to the scattering potential. The matrix elements
were calculated using an application of multiple-scattering theory within the first-principle KKR Green's function formalism, which was developed earlier in works by Dederichs and coauthors. 169 Using these matrix elements obtained for a Cr impurity in bulk Fe, for either spin direction the state-independent relaxation time was calculated from expression (16.2) by a summation over state indices according to
and then by averaging over the Fermi surface. It was found that the ratio of the spin-relaxation times 11
, which implies that the majority spins are scattered strongly at a Cr defect, whereas the minority spins pass the defect weakly scattered. The relaxation time for the antiparallel configuration was estimated by a series-resistor rule, i.e.
. Zahn et al. calculated CIP and CPP magnetoresistance within an optimised LCAO (linear combination of atomic orbitals) method using larger unit cells (Fe 3 /Cr n and Fe m /Cr 4 with n,m≤12) than those which were used by Oguchi. 167 They predicted really giant effects of about 600% for CIP and of about 2500% for CPP, which are much higher than the experimental values for Fe/Cr multilayers.
The approximation of a state-independent relaxation time was lifted in the work by Binder et al. 170 of the same group, who calculated the state-dependent relaxation times and the spin-dependent conductivity of the Co/Cu multilayer within a screened KKR method using semiclassical transport theory. They introduced different 3d-metal impurities at the Co interface layer and compared the resulting resistivities and GMR for the state-dependent and state-independent relaxation times. Their results show that the approximation of a state-independent relaxation time overestimates the resistivity of the majority-spin electrons by a factor of two and of the minority-spin electrons by about 10%, which leads to overestimating GMR. Nevertheless, the predicted values of GMR for the Fe, Ni and Cu impurities are still huge (about 4000% for Fe and 6000% for Ni). For Ti, V and Cr impurities an inverse GMR effect was obtained. Binder et al. also investigated the validity of the relaxation-time approximation. They extended their semiclassical theory to calculate the scattering-in term (see section 12) by solving the Boltzmann equation iteratively. They found that the relaxation time approximation gives very satisfactory results for the systems considered.
Butler et al. 171 used a different model for disorder to calculate CPP GMR in the (111)-oriented Co n /Cu m multilayers (up to n=m=6) within the semiclassical approximation. They assumed that the Co/Cu interfaces are interdiffused with 1% intermixing of the Co and Cu atoms. The band structure of the disordered multilayers was calculated using the single-site coherent potential approximation within the KKR Green's function method. Assuming a sufficiently weak impurity scattering they computed the relaxation time for each state at the Fermi energy, which is inversely proportional to the imaginary part of the self-energy in equation (13.12) . Then, using the state-dependent relaxation time they solved the Boltzmann equation disregarding the scattering-in term and calculated the conductivity of the multilayers for the parallel and antiparallel magnetizations. Similar to the works by Zahn et al. 168 .3) assuming that scattering is caused by interdiffused atoms at the interfaces. The spin-polarized band structure and the scattering T-matrix were computed by expanding the Bloch wave-functions into a large number of atomic orbitals, using a full-potential multiple-scattering approach within the local density approximation. The semiclassical expression for conductivity within the relaxation time approximation (12.10) was used to compute GMR. Consistent with previous calculations magnetoresistance due to this scattering mechanism was found to be very large.
The highly overestimated values of GMR obtained by Zahn et al., 168 Binder et al., 170 Butler et al., 171 and Nesbet 172 is a direct consequence of the fact that the electronic structure of the impurities is nearly identical to the electronic structure of the host atoms in one of the two spin channels which leads to no scattering and shunting within this spin channel. This can be illustrated by calculations of the number of valence electrons per atom in the Co/Cu and Fe/Cr systems shown in Figs.29a,b. 173 As is seen from Fig.29a , in the Co/Cu system the number of Co majority-spin electrons matches very closely the number of Cu electrons, whereas there is a strong mismatch in the number of minority-spin electrons. This matching in the majority-spin channel implies that the atomic cobalt and copper potentials appear very similar to the majority-spin electrons leading to no scattering within this spin channel when Cu impurities are imbedded in Co or vice versa. The same conclusion was obtained for a Ni 80 Fe 20 /Cu multilayer because the Fermi energy scattering amplitudes for majority-spin cobalt, majority-spin nickel, and majority-spin iron (as an impurity in nickel) are all very similar. 173 For the Fe/Cr system the matching in the number of valence electrons per atom occurs for the minority spins leading to a weak scattering of electrons in the minority-spin channel (see Fig.29b ).
As was suggested by Butler et al. 173 the spin-orbit interaction, which was not considered in the above calculations, might partly explain the discrepancy between theory and experiment. Indeed, in bulk alloys the spin-orbit interaction, although small, is sufficient to avoid the near short circuits due to lack of scattering in either spin channel (e.g., ref. 174) . Another reason could be the presence of misaligned magnetic moments at rough interfaces due to the reduced exchange coupling, which as we have seen in section 8 might play a role. However, we believe that the principle disagreement between the theory and experiment originates from the neglect of scattering by intrinsic defects, which are always present in the multilayer. In the above calculations it is assumed that the introduced impurities are the only source of scattering, which is not the case in real experiments on GMR. We will see in section 17 that a realistic model for disorder accounts for the experimentally-observed values of GMR in the Co/Cu and Fe/Cr multilayers.
An interesting calculation was performed by Zahn et al., 175 who investigated the effect of the impurity position on GMR in Co/Cu multilayers. In order to study impurities with different scattering spin asymmetries they assumed that the spin-dependent scattering potential V is a parameter, thereby neglecting details of the impurity potential and its dependence on the site position r i within the supercell. The scattering spin asymmetry was, therefore, defined as
. They considered the weak scattering limit in which the scattering rate (the inverse relaxation time) is determined by the Born approximation 1 0
, ( is enhanced and have a strongest spin asymmetry at the Co interface in a Co 9 /Co 7 mutlilayer, which is explained by the formation of quantum-well and interface states. Due to this the magnitude of GMR is enhanced by the impurities with no spin asymmetry (α=1) when they are placed at the Co interface. This is evident from the triangles in Fig.30 , which shows the calculated values of GMR for various positions and scattering spin asymmetries of the impurities. For impurities with a stronger scattering of the minority than the majority electrons, α>1, the existing spin asymmetry in the local density of states is amplified and leads to an even stronger enhancement of GMR (the circles in Fig.30 ). For the opposite spin asymmetry, α<1, the spin asymmetry of the local DOS and the scattering potential compensate each other and GMR is reduced. As is seen from Fig.30 , impurities placed within the Cu layer are ineffective for GMR, which is ascribed to the small local DOS in Cu.
It is interesting to compare the predictions of Zahn et al., 175 with the results of experiments by Marrows and Hickey, 76 (see section 8). Experimentally it was found that impurities with α<1 suppress GMR, usually to a great extent when they are placed at the interface, and still have a considerable effect when they lie several lattice constants away from the interface; impurities with α>1 sometimes do provide an enhancement of GMR, but it is only to be found when they are a few ML behind the Co/Cu interface; and impurities in the spacer layer have a dramatic effect by lowering GMR. These findings are at odds with the theoretical predictions of Zahn et al. Marrows and Hickey 76 suggested that to reconcile the data with the theory one must admit in addition to the scattering by impurities considerable spin-dependent scattering in the bulk of the Co layers, or that the impurities can affect 
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the local density of states up to several atomic sites away. Very recent calculations performed by the same group 176 demonstrate, however, better agreement between the theory and the experiment. A necessary condition for the validity of the semiclassical Boltzmann theory is a sufficiently low impurity/defect density. In layered systems the Boltzmann formalism breaks down when the subband energy splitting becomes comparable to the life-time broadening τ 2 / due to scattering by impurities and/or defects. As we will see in the next section, this is the case for real multilayer structures, which are used in experiments on GMR. The quantum-mechanical treatment of transport is necessary in order to make a quantitative comparison between theory and experiment.
Tight-binding models
Experimental data show that magnetic layered systems contain a lot of intrinsic structural defects such as vacancies, stacking faults, lattice distortions, misfit dislocations and grain boundaries that are produced during the process of deposition (e.g., ref. 177, 178) . These defects influence the residual resistivity making it much larger in thin films than in corresponding bulk metals. For example, Rijks et al. 178 found significant scattering at the grain boundaries and other defects in sputter-deposited copper and permalloy thin films which was dependent on the layer thickness. Scattering by these defects must, therefore, be included in a realistic model for GMR. However, simultaneous modeling of all these defects including their structural and electronic properties is very complicated and probably pointless because we do not have sufficient experimental information about distribution, concentration, strength and other parameters characterizing these defects. A simplified approach to include defect scattering in a model for GMR was developed by Tsymbal and Pettifor 179 within a multiband tight-binding theory and a quantum-mechanical approach to electronic transport. In this section we describe their model and main results which follow from this model.
The multiband description of the electronic structure within the tight-binding representation can be obtained by generalizing the single-band Hamiltonian (14.1) to include the valence s, p and d orbitals. We consider a perfect crystal which is divided into equivalent unit cells m consisting of atomic sites j with associated atomic wave functions |mjα〉, where α denotes the orbital character. Within the two-center, orthogonal tight-binding approximation the single particle Hamiltonian of the perfect system The tight-binding parameters, i.e. hopping integrals and the on-site atomic energies, can be obtained by fitting the tight-binding bands of the elemental metals to the bands computed from firstprinciples. 158 This makes it possible to describe realistically the band structure of magnetic multilayers taking into account s, p and d orbitals, their full hybridization and spin-polarization. Matrix elements of the velocity operator, which are necessary for calculating the conductivity, can be found from the relation
The next step is including defect scattering in the model. We assume that the total Hamiltonian of the disordered system can be represented as the sum of the perfect Hamiltonian 0 H and the scattering potential V , V H H + = 0 . The scattering potential which reflects the presence of intrinsic defects within the multilayer is assumed to effect the on-site atomic energy levels randomly so that
Here for simplicity the scattering potential is taken to be diagonal with respect to the cell, site and orbital indices. The diagonal elements .7) where ... denotes the configuration average and 2 γ is the mean square displacement of the on-site atomic energies. The parameter γ is a parameter in the theory. It characterizes the degree of disorder within the system reflecting the scattering by defects and can be chosen to provide a realistic saturation resistivity of the multilayer. We stress that in general the scattering potential, which is produced by a particular type of defect or impurity in a magnetic system, is expected to be spin-dependent. However, GMR structures are characterized by various types of defects. Physically this means that the spin asymmetry and the strength of the scattering potential can vary from defect to defect. This fact is supported by firstprinciple calculations, 180 which show a different spin dependence of scattering produced by stacking faults, twin boundaries and Cu impurities in bulk Co. On average, it is reasonable to assume no spin dependence in the scattering potential, which in our model implies a spin-independent parameter γ. Note that as we will see below the scattering rate remains spin-dependent as the result of the spin asymmetry in the density of states at the Fermi level.
The zero-temperature conductivity per spin is expressed by the Kubo-Greenwood formula (13.10), which requires configurational averaging as was described in section 13. This averaging can be performed in the weak scattering limit, which is justified for GMR structures. Indeed, it is wellknown that within the single-band model the weak scattering limit is valid provided the random potential is such that ∆ << γ , where ∆ is the bandwidth (e.g., ref. 126 ). This expression may be generalized to the case of the multiband system as 1 ) (
is the average density of states per orbital at the Fermi energy. We will find that in order to obtain typical experimental values of the resistivity of the 3d-metal multilayer structures, i.e. 1-100 µΩcm, one needs γ to be in the range from 0.1 to 1eV. Since ) ( F E n is of the order of 0.1eV -1 , the weak scattering approximation is justified. In the weak scattering limit the self-energy, which enters equation (13.12) for the configuration-averaged Green's function G , is determined by V VG 0 = Σ . 126 Using the properties of the scattering potential defined by equations (17.5-17.7) and performing the averaging explicitly, we obtain
where Ω is the volume of the unit cell. It follows that the imaginary part of the self-energy will be proportional to the partial density of states at the Fermi energy ) ( F j E n α related to site j and orbital α. In particular, we can define the partial scattering rates by (17.9) which are spin-dependent due to the spin-dependence in the densities of states.
The final expression for the conductivity takes the form
where the mean free path operator
and the self-energy is given by formula (17.8). The partial conductivities where l denotes s, p or d orbitals. Fig.31a illustrates the model by applying it to calculating the conductivity of bulk fcc Cu as a function of energy, or equivalently as a function of the Fermi energy within the rigid band approximation. Comparing the solid line in the bottom panel of Fig.31a to the DOS in the top panel in Fig.31a , we see that the conductivity of Cu is strongly suppressed within the d bands (-5eV < E < 1.5eV). The decomposition of the conductivity into its partial contributions shows that in this interval of energies the conductivity is mainly determined by the d electrons, the weight of the sp character varying from about 10% to 30%. The very low contribution of the sp electrons to the conductivity within the d bands is connected with the strong hybridization between the sp electrons and the d electrons, which flatten the sp bands reducing their velocity. Outside the d band the conductivity rapidly increases and the contribution of the sp electrons becomes dominant. The Fermi level in bulk copper lies high above the d bands, so that most of the current is carried by the sp electrons, the d contribution being just 3%.
As is evident from Fig.31b , the d bands of Co are exchange-split due to ferromagnetism, which makes the contributions of the two spins to the conductivity different. Similar to Cu, for energies within the d bands the conductivity is low and mainly determined by the d electrons. Above and below the d bands the conductivity rapidly increases with a crossover from mainly d to mainly sp contributions (not shown). The Fermi level in Co lies above the top of the d band for the majorityspin electrons but falls inside the d band for the minority-spin electrons. This results in the sizeable difference between the conductivities for the two spins at the Fermi energy. As can be seen from the bottom panel in Fig.31b , σ ↑ exceeds σ ↓ by a factor of five. Note that the spin asymmetry in the conductivity α=σ ↑ /σ ↓ depends on the degree of disorder γ. We also note that the spin asymmetry is opposite to the prediction in the ballistic regime (see Fig.27b ), according to which the minority-spin conductance in Co is higher than the majority-spin conductance.
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The results of these model calculations for the bulk metals show that the band structure plays a very important role in the conductivity. In particular, (i) the contribution from the d electrons is sizeable and in general can not be neglected; (ii) the sp-d hybridization is important due to reducing the conductivity of the sp electrons within the d bands; and (iii) the exchange splitting of the d bands results in the strong spin asymmetry of the conductivity at the Fermi energy.
All these effects manifest themselves in the GMR multilayers. Fig.32a shows the density of states (the top panel), conductivity (the middle panel) and GMR (the bottom panel) of a Co 4 /Cu 4 (001) multilayer calculated as a function of energy. Similar to bulk Co, the DOS of the parallel-aligned Co/Cu multilayer is asymmetric between the majority and minority spins. This is reflected in the conductivity σ. For the energies that lie within the d band the sp electrons are slowed down by the hybridization with the d electrons and the conductivity is low. Above the top of the d bands σ increases rapidly. This increase is due to the "acceleration" of the sp electrons which are less affected by the sp-d hybridization above the d bands. The top of the d bands for the majority spins lies at approximately 0.5eV below the Fermi energy and for the minority spins at about 1eV above the Fermi energy. Therefore, in the interval of the energies from -0.5eV to 1eV the difference between σ ↑ and σ ↓ is most pronounced. The presence of the d levels up to 1eV above E F for the AP configuration makes the conductivity per spin in this case similar to the conductivity of the minority spin electrons for the P configuration. This results in the crucial difference between the σ P and σ AP and, consequently, in GMR. As seen from the bottom panel in Fig.32a the large values of GMR are predicted only in the interval of energies between the top of the majority-spin d band and the top of the minority-spin d band. As the Fermi level in Co/Cu multilayers lies within this interval a sizeable value of GMR can be observed in this system. An interesting effect, which is evident from the bottom panel in Fig.32a , is that GMR in the Co/Cu system increases with increasing energy above the Fermi level. A pronounced peak in ∆R/R appears for hot electrons at about 1eV above the Fermi level, taking the large value of nearly 400% for the CPP geometry. The enhancement of GMR in Co/Cu multilayers has been observed by Monsma et al. 181 who have measured more than 390% CPP magnetocurrent change in a "spin-valve transistor". The energy of the hot electrons in this device was defined by the Schottky barrier heights of about 0.7eV for the collector and about 0.6eV for the emitter. The results of those calculations give a clear interpretation of this enhanced GMR effect, which originates from the increasing spin asymmetry in the electron velocities for hot electrons up to 1eV above the Fermi energy. We note, however, that an accurate quantitative description of the spin-vale transistor requires including nonelastic scattering which is not taken into account in the above model. Recently a huge change in the magnetocurrent of 560% at 100 K has been measured by Jansen et al. 182 in a spin valve transistor with a Ni 80 Fe 20 /Au/Co base.
The Fe/Cr system behaves differently from the Co/Cu system. As is evident from Fig.32b the Fermi level in the Fe 4 /Cr 4 multilayer lies within the d bands for both spin orientations. However, the 
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DOS exhibits a pronounced valley for the minority spins, with the Fermi level lying almost at the bottom of this valley, which follows from the similarity of the minority DOS of Fe and the DOS of Cr. We note that the presence of this valley in the minority DOS of bulk Fe makes the minority-spin conductivity higher than the majority-spin conductivity, i.e. α=σ ↑ /σ ↓ <1, which is opposite to bulk Co. 179 For the parallel-aligned multilayer the σ ↓ displays an enhancement for electron energies lying in the region of this valley (see the dotted line in the middle panel of Fig.32b) . On the contrary, the σ ↑ for the P orientation and the conductivity for the AP orientation do not change essentially in this interval of energies (the dashed and the solid lines in the middle panel of Fig.32b ). This results in the difference between σ P and σ AP and, consequently, in GMR for the energies close to the Fermi level (the bottom panel of Fig.32b) . The variation of GMR as a function of energy shows that contrary to the Co/Cu multilayers GMR decreases above the Fermi level.
The magnitude of GMR decreases with increasing disorder. As is seen from Fig.33 the value of GMR in a Co 4 /Cu 4 multilayer drops by an order of magnitude, i.e. from about 105% to 15% as the disorder parameter γ changes from 0.4eV to 1.2eV. The corresponding saturation resistivity varies from 8µΩcm to 55µΩcm (Fig.33a) , spanning the range of experimental values. This drop in GMR with increasing disorder has an important underlying physics. 179 It is related to the interband transitions driven by the applied electric field, which makes the quantum mechanical description different from the semiclassical approach. In metals, in the absence of disorder these transitions may be important only in an exceedingly small region of k-space near points where two bands become degenerate. 30 In the presence of disorder, however, the electronic levels are broadened by the value of Σ Im . If this broadening becomes comparable with the distance between bands even an infinitesimal small electric field can lead to the interband transitions. In this case, the semiclassical approximation breaks down.
The drop of GMR in the Co/Cu multilayer within increasing disorder, which is shown in Fig.33b , can, therefore, be explained as follows. The conductivity of the parallel-aligned multilayer is mainly determined by the majority-spin electrons, which have predominantly free-electron-like sp character Conductivity of the Co/Cu multilayer as a function of the root-mean-square variation of the on-site atomic energies γ, which characterizes the degree of disorder within the multilayer. After Tsymbal and Pettifor. 179 68 due to the position of E F above the d bands. Therefore, with increasing γ σ P decreases approximately as 1/γ 2 . On the other hand, the conductivity of the antiparallel-aligned multilayer is primarily due to the d electrons because E F falls inside the d band for this alignment. In this case, due to the interband transitions between the s, p and d levels, the σ AP decreases more slowly than 1/γ 2 so that GMR drops with increasing γ. This dependence is not predicted by the semiclassical treatment of conductivity, according to which the conductivity for both the P and AP alignments is inversely proportional to γ 2 so that GMR is independent of γ. Within the semiclassical approach the GMR values found for a Co 4 /Cu 4 multilayer are about 400% for the CIP geometry and about 1000% for the CPP geometry. These values are much higher than those predicted within the quantum description (Fig.33b) and those observed experimentally (section III). We note that the interband transitions can also contribute to the reduction of GMR with temperature (section 10).
The predicted values of GMR for the Co/Cu and Fe/Cr multilayers are in good agreement with experiment. For example, GMR measured in Fe/Cr multilayers at T=4.2K was found to be 79% for relatively thin Cr layers of 0.9nm.
1 For the Fe 4 /Cr 4 multilayer which has a similar Cr thickness and for the disorder parameter γ=0.6eV which provides a similar saturation resistivity of 32µΩcm (compared to the experimental resistivity of 31µΩcm), the calculated result of 67% is consistent with that measured experimentally. Another example is GMR in Co/Cu multilayers which was found to be 120% at T=4.2K. 38 The thicknesses of the Co and Cr layers in these experiments were 1nm and 0.9nm respectively and the saturation resistivity was about 10µΩcm. The model predicts that the Co 4 /Cr 4 multilayer with γ=0.4eV (the saturation resistivity of 8µΩcm) has GMR of 105% which is also very close to the experimental value. There is, however, an exception. The model is not able to explain the high GMR value of 220% measured Schad et al. 39, 70 on high-quality epitaxial Fe/Cr multilayers (see also section 7). As was emphasized by Schad et al., the high magnitudes of GMR were only observed for ultrathin magnetic layers, which display an enhanced density of steps at the interfaces and at very low temperatures. The spin-dependent scattering potentials produced by the interfacial roughness are obviously important in this case, but have not been included in the above theoretical model.
Layer-dependent conductivity σ j defined by equation (17.12) provides important information about contributions to the spin current and GMR from different layers.
183 Fig.34 shows results for a Co 16 /Cu 10 /Co 16 trilayer in which the thicknesses of the Co and Cu layers, namely 3nm and 2nm respectively, are representative of the experiments on spin valves. The calculations were performed assuming a bulk scattering with γ = 0.7eV that gives a saturation resistivity of 23µΩcm and a GMR of 16% in agreement with experimental data by Egelhoff et al. 91, 93 As is seen from Fig.34a , for the parallel (P) configuration the local conductivity of the Co layers is much higher for the majority spins than for the minority spins, which reflects the spin-dependent conductivity in the bulk Co (see Fig.31b at E=E F ). The local conductivities σ Cu in the Cu layers are higher than those in the Co layers and are different for different spins. This is because the transport properties of electrons propagating in the Cu layer are affected strongly by the spin-dependent scattering in the adjacent Co layers. Due to the much higher minority-spin DOS at the Co sites, electrons contributing to the conductivity in the Cu layer scatter more strongly in the minority channel and, therefore,
. As is seen from the open symbols in Fig.34a , for the antiparallel (AP) magnetizations there is an asymmetry in the local conductivities of Cu and Co. The σ Co in the local minority-spin channel is almost the same for the AP configuration as for the P configuration. On the other hand, the σ Co in the local majority-spin channel are reduced because the majority carriers can propagate through the Cu layer and scatter in the opposite Co layer which has a high local minority-spin DOS. As can be seen from Fig.34b , this mechanism leads to GMR, which comes from electrons contributing to the conductivity in the Co layers. Surprisingly, a significant contribution to GMR originates from the Cu spacer layer, the local magnetoconductance being highest near the interfaces. As we will see in the next section, these enhanced values of GMR can partly be explained by electron channeling within the Cu spacer layer.
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The enhancement of magnetoconductance in the spacer layer and at the interfaces was also found for Fe/Cr/Fe spin valves. 183 The local contributions to GMR are very sensitive to the properties of the interfaces between the ferromagnetic and the spacer layers. As can be seen from the dashed line in Fig.34b , increasing disorder at the interfaces results in the strong reduction of the contribution to GMR from the spacer layer and at the interfaces. A strong reduction of GMR was also found if a magnetically-dead (paramagnetic) Co layer is put at the interface. 183 Contrary to interface disorder, disorder at the outerboundaries of the spin valve reduces the contribution to GMR only from the Co layers, especially from those layers which are close to the outer boundaries (the dotted line in Fig.34b ). This is also the case for paramagnetic Co layers at the outer-boundaries (not shown). The latter fact suggests that using Ta as a buffer layer or FeMn as a pinning layer is not favorable for obtaining large values of GMR in spin valves, because these metals have a high density of states at the Fermi level due to the dband contribution.
An accurate description of the band structure is crucial to elucidate the striking features in the experimental thickness-dependent conductivity measured in-situ in NiO/Co/Cu/Co spin valves by Bailey et al., 112 which have been described in section 12 and shown in Fig.22a Fig.35a is the result of the decreasing scattering of electrons in the Cu layers located far from the interface with the bottom Co layer. The conductance drop shown in Fig.35b is a consequence of the reduction of the local conductance in the Cu layer when the Co layer is placed on top. The conductance drop increases within the Cu layer thickness because for the larger d Cu the local conductance in the Cu layer becomes less effected by the scattering at the bottom Co layer. As is seen from Fig.35b , the agreement between the experimental data and the calculation is improved if additional disorder is introduced to the top Cu/Co interface, which is attributed to the segregation of low surface energy Cu through Co in the experiment. 112 The decisive role of the spin-polarized band structure for spin-dependent transport in magnetic layered systems is supported by studying the thermoelectric power (TEP) in Co/Cu and Fe/Cr multilayers Tsymbal et al. 184 Experimental studies show that TEP is positive in Fe/Cr magnetic multilayers. 185 The magneto-thermoelectric power (MTEP), i.e. the change in TEP associated with an applied magnetic field, is also positive at room temperature. On the contrary, as was confirmed by numerous experimental studies, 186 both TEP and MTEP are negative in Co/Cu multilayers. According to the Mott formula the TEP is related to the change in the conductivity at the Fermi energy (17.14)
As is seen from the middle panels in Figs.32a,b, for both parallel and antiparallel magnetizations at the Fermi energy the conductivity of the Co/Cu multilayer increases with increasing energy whereas the conductivity of the Fe/Cr multilayer decreases. According to the Mott formula (17.14) this implies that the thermoelectric power is negative in the Cu/Cu multilayers whereas it is positive in the Fe/Cr multilayers. This theoretical prediction is in agreement with experimental observations. 185, 186 Tsymbal et al. 184 have also shown that their model accounts for the experimentally observed sign of . In figure b the agreement is improved if additional disorder is introduced to the top Cu/Co interface that is attributed to segregation of low surface energy Cu through Co in the experiment. After Bailey et al. 112 71 the magneto-thermoelectric power at room temperature, when the magnetizations of the consecutive ferromagnetic layers change their alignment.
We see, therefore, that the model for GMR, which incorporates spin-independent disorder in the on-site atomic energy levels and a realistic spin-dependent electronic structure within a tight-binding representation of electronic transport, provides a reliable approach for studying GMR in magnetic multilayers and spin valves. It accounts for the experimentally observed values of GMR in Co/Cu and Fe/Cr magnetic multilayers and shows that the effects of the electronic band structure, such as its spin-polarization, sp-d hybridization and the contribution of the d electrons to the conductivity, are crucial for the realistic description of conductivity and GMR in magnetic layered systems.
First-principle models
First-principle models for the electronic structure in conjunction with the quantum-mechanical formulation of the electronic transport become a powerful tool to study the conductivity and GMR in magnetic layered systems. On the one hand, the major advantage of the first-principle approach is the possibility to treat the electronic structure in a self-consistent way taking into account the charge and spin transfer at the interfaces. On the other hand, as we saw in the previous section, the quantummechanical formulation of the transport theory is necessary for the realistic modeling of GMR.
The principal challenge to the ab-initio simulations lies in a realistic modeling of the scattering. As was discussed in section 16, assuming that interdiffusion at the interfaces is the only mechanism of scattering in magnetic multilayers results in highly overestimated values of GMR. A reliable approach must include other contributions to the resistivity, such as from intrinsic structural defects which were considered in the previous section.
Unfortunately, proper first-principle treatment of all the possible mechanisms of scattering in layered structures is very complicated. Realizing this, Butler et al. 188 use a simplified approach. Arguing that in realistic GMR systems scattering comes from several sources such as impurities, grain boundaries, vacancies, voids, and phonons, they approximate these scattering processes by a phenomenological local scattering rate, which could be in general spin-dependent. They use the Kubo-Greenwood formula for the conductivity in which they average the two Green's functions independently, thereby neglecting the vertex corrections. They assume that the effect of this averaging is that each atomic potential acquires an imaginary term that describes the scattering rate in its vicinity.
Butler et al. introduce a non-local site-dependent conductivity µν σ ij which determines the electrical current at site (layer) i, j i , related to the local electric field at site (layer) j, , j ,
where it is assumed that j i is the average of the current density over the atomic cell at that site and the local field , j is a constant over each atomic cell. If the electric field is applied parallel to the layers (CIP geometry) the local fields are uniform by symmetry and equal to the average applied field. This allows obtaining the overall conductivity by summating over all layers according to
where d i is the thickness of layer i and d is the total film thickness. The non-local conductivity can be found according to the Kubo-Greenwood formula
where the integration is performed over the atomic cells at sites i and j, Ω i and Ω j being the volumes of the corresponding cells. The angular brackets denote the configurational average, which is introduced as a phenomenological imaginary part of the self-energy in the Green's function ) ( r r ′ , G . In order to calculate ) ( r r ′ , G
Butler et al. use the KKR formalism, which explicitly constructs the Green's function in terms of the local solutions of the Schrödinger equation and the scattering path operator of multiple scattering theory (see ref. 188 and references therein). These are determined by the atomic potentials which are obtained self-consistently by using the local spin density approximation to density functional theory.
The non-local layer-dependent-conductivity is useful for a better understanding of the mechanism of magnetoresistance. An example of the calculation of the non-local conductivity for a Co 7 /Cu 10 /Co 7 trilayer 188 is shown in Fig.36 . In this calculation the phenomenological life-times are constrained to provide typical experimental resistivities for sputtered Cu and Co films. It is assumed that the scattering rate for the minority carriers in the bulk Co layers is 7 times that for the majority carries, reflecting the difference in the density of states in bulk Co. Due to intermixing at the interfaces the scattering rate of the minority spins at the interfacial layer is set 12 times that for the minority spins, the factor of 12 being based on coherent potential approximation calculations of the resistivity due to Cu impurities in Co and Co impurities in Cu. In addition, strong spin-independent scattering at the outer boundaries of the trilayer is included.
As is obvious from Fig.36a the conductivity is strongly non-local, which is reflected in large values of σ ij for j i ≠ especially within the Cu layers due to a long mean free path in Cu. A comparison of Fig.36a with Fig.36b shows that the conductivities are "more local" for the minority carriers than for the majority carriers in Co because of a higher DOS and consequently a shorter mean free path for the former. As is seen from Figs.36a, b, and c, for both parallel and antiparallel alignments the conductivities have a tendency to be confined within the Cu or Co layers displaying a decrease at the interfaces. This "difficulty" in passing between layers results from the significant probability for reflection at the interfaces as a consequence of the potential steps created by the potential mismatch between Co and Cu. As is evident from Fig.36d , a large contribution to GMR comes from the Cu spacer layer, which is a consequence of electron channeling and will be discussed below. Another contribution to GMR comes from the Co layers. This contribution arises from electrons that are accelerated in one Co layer, travel through the Cu layer to the other Co layer, and contribute to the current there. These show up in Fig.36d as the contributions in the near and far corners, which correspond to i and j being in the Co layers on opposite sides of the Cu spacer layer. The layer-dependent conductivities (not shown), which are calculated from the non-local conductivities by
, are qualitatively similar to those calculated within the tight-binding model 183 (see Fig.34 ). The presence of potential steps at the interfaces results in a contribution to GMR, which is distinct from spin-dependent scattering. This contribution originates from electron channeling as has been demonstrated within free-electron models. 114, 135, 136 Channeling can occur for the current parallel to the planes if a large portion of the electrons in a layer is specularly reflected from both its interfaces. If the scattering rate in that layer is lower than it is in neighboring layers, the reflected electrons in that layer see a lower effective scattering rate than they would in the absence of reflection. In magnetic multilayers, channeling contributes to GMR due to the electrons with parallel momenta which are strongly reflected for one spin, but not the other. In this case, channeling does not occur for electrons of either spin in the antiferromagnetic alignment because both transmit through one or the other interface. On the other hand, for the ferromagnetic alignment, electrons of one spin are confined to the layer, and if that layer has a lower scattering rate, these electrons cause a short circuit effect, thereby giving a contribution to GMR. 189 Using first-principle calculations Butler et al. 190 have shown that channeling can contribute to GMR in Co/Cu/Co spin valves. The majority-spin electrons in Co have a lower Fermi momentum than electrons in Cu. This leads to the total internal reflection of those electrons whose momentum parallel to the interface exceeds the Fermi momentum of Co. These reflected electrons are, therefore, confined to the Cu layers, and, if the scattering rates are significantly lower in the Cu that in the Co, they give a large contribution to the majority current and a large contribution to GMR. This contribution to GMR shows up in Fig.36d as a contribution to ∆σ ij that is confined to the region near the center of the ij-plane where both i and j label Cu atomic layers.
The importance of channelling is nicely illustrated by Stiles 189 who calculated the transmission probabilities across various interfaces. In this calculation the time-independent scattering states are determined by breaking space up into layers. 191 The potential is computed for each layer from a bulk electronic structure calculation using the linearized-augmented-plane-wave method. Generalized Bloch states for a layer are computed from the potential in the layer. Generalized Bloch states are related to Bloch states by allowing the component of the wave vector normal to the interface to be complex. They form a complete set of states, which includes the usual Bloch states and all evanescent states, and consequently describe any time-independent solution of the Schrödinger equation for arbitrary boundary conditions. The generalized Bloch states for the two materials are matched together across the interface to construct the electron scattering states, giving the reflection and transmission amplitudes directly. Fig.37 shows the results of the calculations for transmission across Cu/Co(001) interface. 189 The majority Fermi surface in Co is similar to the Fermi surface in Cu, but is smaller. This similarity leads to the almost complete transmission of the majority-spin electrons from Co into Cu (the left bottom panel in Fig.37 ). The smaller size of the majority Co Fermi surface leads to the complete reflection for the states in Cu with the largest momenta parallel to the interface (the right top panel in Fig.37 ). These electrons contribute to channeling within the Cu layer in the Co/Cu/Co trilayer when magnetizations of the Co layers are parallel. 190 Although the transmission of the minority-spin electrons is not simply characterized (due to the complicated nature of the minority Fermi surfaces in Co), it is seen from the right top panel in Fig.37 that the same Cu states transmit much better into the minority Co states. Channeling by these electrons can give, therefore, a contribution to GMR if the scattering rate in Cu is much smaller than it is in Co.
The degree of channeling which is observed in real experiments depends strongly on the detailed nature of the interfaces between the Co and Cu layers. Interfacial roughness can reduce or eliminate the contribution of channeling to GMR. 190 As we have seen in the previous section, strong disorder (or a magnetically-dead Co layer) at the interfaces also results in a sizable reduction of the contribution to GMR from the spacer layer (the dashed line in Fig.34b ). Evidence of channeling in a Fe/Au(001) multilayer is found in experiments by Dekadjevi et al., 192 which is consistent with the theoretical prediction of strong reflection of electrons propagating in Au from Fe/Au interfaces. 189 Using the model developed in ref. 188, Butler et al. 193 have performed calculations of the conductance and magnetoconductance in Ta/Co/Cu/Co/FeMn/Ta spins valves and compared results with experimentally measured values as a function of the Co layer thickness. In the calculations, the conductance of the Ta and FeMn layers is neglected because their resistivities are very high, greater that 100µΩcm. The interface between the Co and the Ta and between the Co and the FeMn is modeled by an atomic layer of Co with a very high scattering rate. The scattering rates within the Co and Cu layers are adjusted phenomenologically to be consistent with experimentally-measured resistivities of thick films. Various models for scattering are considered, such as spin-independent scattering, bulk scattering with different spin asymmetry in the scattering rates, interfacial spindependent scattering and both bulk and interface scattering. Butler et al. find that the magnetoconductance and its dependence on the Co layer thickness are consistent with calculations that include bulk spin-dependent scattering within the Co layers and some channeling of electrons in the Cu layer. They conclude that it is not necessary to invoke additional diffuse spin-dependent scattering at the interfaces to explain the experimental data. This is due to the strong spin-dependence of the transmission and reflection coefficients at the interfaces, which follow from the electronic band structures of Co and Cu. This conclusion is consistent with the prediction of the tight-binding model by Tsymbal and Pettifor. 179, 183 All the models considered above assume electrical transport in parallel within the two spinconduction channels, the total conductivity being the sum of the spin conductivities. Strictly speaking this is not the case due to the spin-orbit interaction. The spin-orbit interaction is a relativistic effect, which couples the electronic and the spin degrees of freedom and therefore makes the two-current model inapplicable. Although the spin-orbit interaction is relatively small in the transition 3d metals and does not effect strongly the electronic structure of these metals, it can affect transport properties of bulk alloys, for example, avoiding the short circuits that can arise in either spin channel (e.g., ref. 174) . It is questionable, however, whether this effect is important for the description of GMR in 3d-metal multilayers, because the short circuit effects, which appear if the intermixing at the interfaces is the only mechanism of scattering (see section 16), are avoided due to structural disorder and phonon scattering in real systems. The spin-orbit interaction might be important when heavy elements like gold or platinum are used as a spacer layer or introduced as impurities.
The spin-orbit coupling is explicitly taken into account in a fully-relativistic calculation of GMR in Co/Cu multilayers by Blaas et al. 194 They use a screened KKR method adapted to layered systems and a single-site coherent-potential approximation (CPA) to incorporate the effect of intermixing at the interfaces on electrical transport. Within their approach a magnetic multilayer is embedded between two semiinfinite substrates, which makes the system non-periodic in the direction perpendicular to the planes. The electrical conductivity of the multilayer is determined by summing the non-local conductivity σ ij only over the atomic layers of the imbedded system in accordance to equation (18.2) . In this formulation the conductive substrates play the role of reservoirs, to where an electron will eventually leak out from the layered structure. Mathematically this implies that the Green's function, which describes the electronic properties of the multilayer and enters expression (18. 3) for the non-local conductivity, has a self-energy contribution due to the semiinfinite substrates. Even when the multilayer is free of defects it exhibits resistivity, which is determined by the imaginary part of this self-energy. In this formulation the resistivity of the multilayer depends strongly on the electronic structure of the substrates and their coupling with the imbedded system. The resistivity comes therefore from the boundary conditions and decreases with the increasing thickness of the disorder-free embedded film. 194 Fig .38a shows the results of Blaas et al. 194 for the resistivity of a Co 3 /Cu(d Cu )/Co 3 (001) trilayer embedded in semiinfinite Cu(001) substrates for parallel (P) and antiparallel (AP) magnetizations as a function of the Cu layer thickness d Cu . No disorder was assumed in this calculation and the values of resistivity are entirely determined by the coupling with the Cu substrates. As is seen from Fig.38b , the magnitude of GMR decreases with increasing Cu layer thickness ranging from about 20% to about 2%. These values increase within increasing Co layer thicknesses (not shown) as a result of the decreasing influence of the outer boundaries. Blaas et al. have also investigated the effect of intermixing within two monolayers of Co and Cu attached to the Co/Cu interfaces. Fig.38c shows the results of their calculation for a Co 5 /Co 1-x Cu x /Co x Cu 1-x /Cu 7 /Co x Cu 1-x /Co 1-x Cu x /Co 6 (001) trilayer as a function of concentration x within the intermixed regions. As is seen from the figure, GMR increases with x, which reflects increasing spin-dependent scattering at the interfaces. Unlike refs.168, 170, 171 and 172, Blaas et al. 194 find reasonable values of GMR due to the scattering at the intermixed interfaces. This is the consequence of the coupling to the attached Cu substrates, which leads to the broadening of electronic states of the Co/Cu/Co trilayer, thereby avoiding a short circuit current within the majority spin channel. It is not clear, however, what physical mechanism of scattering could provide the same broadening of states in the isolated multilayer as in the imbedded multilayer, in order to correlate the results of such computations with experiments. We also note that the increase in GMR as a function of the function contradicts the experiments of Suzuki and Taga 73 who found that the intermixing at the interfaces is detrimental for GMR in Co/Cu multilayers. This is probably the result of misaligned magnetic moments and increasing structural disorder at the interfaces due to intermixing, which are not taken into account in the calculations of Blaas et al. 194 Unfortunately, Blass et al. do not discuss the effect of spin-orbit interaction, which makes their calculations different from the non-relativistic formulations of the transport theory. The importance of the spin-orbit interaction in GMR of the 3d-metal magnetic multilayers remains elusive.
Spin mixing in the conductance can occur not only due to the spin-orbit coupling but also due to misaligned magnetic moments, which are present in magnetic layered systems due to interdiffusion at the interfaces. As was discussed in section 8, experiments 79 find that at room temperature there is a substantial reduction in the magnetization of permalloy near the interfaces with copper, which is equivalent to a magnetically-dead layer of 0.2nm thickness. In order to investigate this effect, Oparin et al. 80 have performed calculations of the magnetic structure of the intermixed Ni 80 Fe 20 /Cu interfaces. They imbedded four atomic planes of Ni (111) in Cu and used the diffusion equation to calculate the configuration profile as a function of time. Assuming that Cu, Ni, and Fe have similar diffusion constants they replaced Ni by Fe at random in the Cu/Ni/Cu structure to arrive at the Cu/Ni 80 Fe 20 /Cu structure. For a given atomic configuration the magnetic structure was calculated using the local scalable multiple scattering approach to local spin-density theory. 195 Fig .39 shows the ground state magnetic configuration of the four layers of permalloy in a copper matrix after interdiffusion has occurred. The Fe moments are about the same size as in pure Ni 80 Fe 20 , but their directions have become disordered. These misoriented moments can contribute to spin mixing and spin-flip scattering. Furthermore, the Ni moments are much smaller than for pure bulk Ni 80 Fe 20 so the 77 majority channel does not match nearly so well to Cu. Oparin et al. 80 conclude that the canting of the Fe moments and a reduction of the magnitude of the Ni moments at the interface is responsible for the measured ''magnetically dead'' layers 79 and result in the strong reduction of GMR. Butler et al. 196 found that placing a small amount of Co at the interfaces can dramatically increase the collinearity. The Fe moments become in much better alignment and the Ni moments become closer to their bulk values. This Co-induced improvement in collinearity is consistent with the enhancement of GMR obtained in experiments by Parkin 77 (see also Fig.15 ).
VI. CPP GMR
Since the successful demonstration of current-perpendicular-to-the-plane (CPP) magnetoresistance by Pratt et al., 13 this geometry has become the subject of much interest for studying GMR. The technique of using superconducting contacts 13 produces uniform current density and has the advantage of relatively simple sample preparation. Unfortunately, measurements can be performed only at low temperatures. Other techniques, which avoid this problem, are based on lithographically defined pillar structures, 14 on growing the magnetic multilayers on prestructured (grooved) substrates 15, 16 (Fig.3a) , or on the electrodeposition of multilayer nanowires into the pores of an insulating polymer matrix 17, 18 (Fig.3b) . These techniques have, however, disadvantages such as the difficulty to control the AP state, non-uniform currents in the lithographed samples, and the stronger disorder in nanowires. Several reviews 20, [22] [23] [24] [25] [26] 28 have been published which are devoted to various theoretical and experimental aspects of CPP GMR. In this section, we outline some results of these studies, referring the reader to the above reviews for a detailed discussion. We will, in particular, address novel issues, which have emerged recently. These have important consequences for our understanding of the physics of CPP GMR, as well as for interpreting the experimental data.
Most experiments on CPP GMR are interpreted in terms of the series-resistor model, which was introduced in section 3. The series-resistor model is a better approximation for the CPP geometry than for the CIP geometry. This can be qualitatively understood by the following arguments. In the limit when the elastic mean free path λ is short compared to the layer thicknesses, each layer can be considered as a separate resistor for the current flowing perpendicular to the planes of the multilayer. In the opposite limit of a very long λ the probability of scattering is the sum of the scattering probabilities within each layer. This implies that the conductivity is "self-averaging", leading to, like in the first case, resistors in series. This was first recognized by Zhang and Levy 41 who have shown that for a multilayer which is described by a free-electron model with no potential steps at the interfaces, the conductivity of the multilayer for each spin channel can be expressed by the simple formula
where the local isotropic spin-dependent conductivity σ(z) is given by expression (13.15) and ∆(z) is the local spin-dependent scattering rate. This formula is identical to that within the series-resistor model, in which the resistivity of the multilayer is determined by resistivities of the individual layers ρ i and their thicknesses d i
where i is an index of the layer. According to Zhang and Levy 41 and Camblong et al. 43 the mean-free path is not a relevant scale for CPP GMR. Indeed, although the layer-and spin-dependent resistivities . We stress, however, that the conclusion about the irrelevance of the mean free path and the applicability of the series-resistor model to CPP GMR is inherent to the free-electron model with no potential steps at the interfaces. As we will see below, the mean free path can play an important role in CPP GMR. The quantity which is measured in the CPP geometry is the conductance per unit area, or equivalently its inverse, the resistance AR, where A is the area through which the current flows. The CPP GMR is defined by the ratio (AR AP −AR P )/AR P =A∆R/(AR AP −A∆R). These quantities can be expressed in terms of the series-resistor model, which was elaborated by Lee et al. 197 to include spindependent bulk resistivities, spin-dependent interface resistances, and contact resistances due to superconducting leads. According to their model the resistances AR AP and A∆R of the multilayer with the number of bilayers N are given by
They are determined by six parameters, namely the resistance of the superconductor/ferromagnet contact AR S/FM , the resistivity of the nonmagnetic layer ρ NM , the renormalized resistivity of the ferromagnetic layer
, and the scattering spin-asymmetry parameters for the bulk, β, and for the interface, γ. Parameter β is related to the spin asymmetry of the bulk scattering within the ferromagnetic layer 24 and MBE 199 using superconducting contacts. The third column shows the parameters derived from fitting the experimental data on multilayers grown on grooved substrates. 96 The fourth and fifth columns display the parameters obtained from measurements on multilayered nanowires prepared by electrodeposition. 200, 201 As is seen from the table, different fabrication techniques result in quite different bulk resistivities of Cu and Co in the Co/Cu multilayers reflecting a variation in the defect density. This leads to a sizable spread in the values of the scattering spin-asymmetry parameters β and γ. However, despite this spread, it is evident from Table 1 that the spin asymmetry of scattering at the interface, γ, is always higher than the spin asymmetry of scattering in bulk Co, β, whatever the method of preparation of the Co/Cu multilayers is. This fact demonstrates the decisive role of the spin-dependent interface scattering for CPP GMR in the Co/Cu multilayers. Indeed, according to formula (VI.4), the contribution from the bulk resistance becomes equal to the contribution from the interface resistance when the FM layer thickness is
Using the parameters from ref. 24 (the first column in Table1) this gives d FM~2 0nm. We see, therefore, that for FM layer thicknesses of a few nm the dominant contribution to GMR comes from the spin-dependent interface resistance. It is known that there are two contributions to the interface resistance: 202 the first one comes from the potential step between the ferromagnetic and nonmagnetic metal layers and the second one results Spin-dependent scattering parameters obtained from CPP GMR experiments on Cu/Co multilayers at low temperatures using the series-resistor model. Measurements are performed by various techniques as indicated in the table. The parameters are determined from the resistances at the saturation field and the field of the local resistance maximum after saturation.
80 from interface disorder. Zhang and Levy 203 have shown that these two contributions are not additive and that diffuse scattering by the interface disorder may either enhance or reduce the interface resistance, the latter occurring for large reflection coefficients. These free-electron considerations in the presence of the intrinsic multilayer potential 202, 203 contain unknown parameters such as the spindependent potential steps. The interface resistance can, however, be modeled from first principles. This has been shown by Schep et al. 204 who calculated a Co/Cu interface resistance assuming that there is no coherent transmission between adjacent interfaces. The latter approximation implies complete diffuse scattering in the bulk and justifies the series-resistor model. For the (111) 205 who used a multiband tight-binding model to calculate the Co/Cu interface resistance and the scattering spin-asymmetry parameter γ in the presence of the spin-dependent or spin-independent impurity potential at the interfaces. The importance of specular scattering at the Co/Cu interface was also confirmed in calculations by Stiles and Penn, 206 who argued that the measured interface resistances might not be dominated by defect scattering as is often assumed.
The interpretation of the experimental data within the series-resistor model assumes that the interfaces can be uniquely described using two parameters,
and γ, independent of the layer thickness separating them. Schep et al. 204 found, however, that the Co/Cu interface resistance is strongly reduced if the bulk propagation is ballistic rather than diffusive. This implies that the interface resistance can be different for thin and thick layers between the interfaces making, in general, the series resistor-model inapplicable.
The fact that the interface resistance can be dependent on the layer thickness has been explicitly demonstrated by model calculations of Tsymbal and Pettifor. 207 They used a simple single-band tightbinding model and calculated the resistance of a disordered metal layer placed between two perfect leads using the Kubo formula and the recursive approach, as is described in section 14. Fig. 40a demonstrates the results of these computations. The open squares show the resistance of the metal-1 layer, which is characterized by the on-site atomic energy E 1 =3 (in units of the hopping integral), as a function of its thickness d when it is placed between perfect leads of the same metal. The linear variation seen is evidence of the Ohmic regime of conductance, the slope of the curve determining the resistivity of disordered metal 1 and the ordinate intercept determining the resistance AR 1 of disorderfree metal 1. When a lead of metal 2 with a different on-site atomic energy E 2 =5 is attached to the disordered metal 1 layer, an interface resistance is introduced due to the potential step at this interface. As is seen from the open circles in Fig.40a , this shifts the curve up, the shape of the curve remaining linear with the same slope. The magnitude of this shift equals to AR int +(AR 1 +AR 2 )/2−AR 1 , where AR int is the interface resistance and AR 1 and AR 2 are the resistances of the infinite disorder-free leads of metal 1 and metal 2 respectively. 204 Attaching a second lead of metal 2 to the disordered layer of metal 1 does not, however, result in a rigid upward shift of the curve as it would be expected due to the additional interface resistance within the series-resistor model. As is evident from the full circles in Fig.40a , the resistance becomes a non-linear function of the metal thickness. This behavior is a consequence of the quantum-well bound states, which are created in the metal 1 layer, when it is placed between the leads of a higher electronic potential. These bound states reduce the number of conducting channels in this layer, which leads to the reduced interface resistance and the enhanced effective resistivity of the metal. With increasing thickness of the disordered metal layer, defect scattering redistributes the current-carrying electrons between the various conducting channels, thereby enhancing the interface resistance, which is plotted in Fig.40b . The characteristic length scale for this change is the mean free path, which is estimated as a 25 ≈ λ in this calculation. When the 81 layer thickness becomes much larger than the mean free path the series-resistor behavior is recovered, which is reflected in a linear variation of the resistance at d>100a in Fig.40a and the saturation of the interface resistance in Fig.40b . An interface resistance that depends on the layer thickness is a feature of perpendicular transport, which lies beyond the series-resistor model and makes the mean free path an important parameter for CPP GMR. We note that noticeable oscillations in the resistance at very small thicknesses, which are seen from the full circles in Fig.40 , are reminiscent of the oscillations in the ballistic regime of conduction. 164 A realistic band structure of the multilayer predicts a more diverse pattern of behavior for the layer-thickness-dependent interface resistance. At a small layer thickness separating two interfaces the interface resistance can be enhanced or reduced depending on the band structure of adjacent metals. This was illustrated by Tsymbal, 208 who calculated the resistance and CPP GMR for the Co 10 /Cu(d)/Co 10 trilayer versus Cu layer thickness d. As is evident from Fig.41a , the resistance of the majority-spin electrons within the P configuration (the open circles) and the resistance for the AP Layer-thickness-dependent interface resistance, which is calculated by taking the difference between the curves corresponding to one and two interfaces in figure (a) and, then, by substrating the average resistance, (AR 1 +AR 2 )/2, of the infinite disorder-free leads of metal 1 and metal 2. In the calculations the metals differ by the on-site atomic energies which are equal to E 1 =3 and E 2 =5 respectively. The energies are measured in units of the hopping integral relative to the Fermi energy which lies at zero. Bulk disorder is introduced as a random variation of the on-site atomic energies with a uniform distribution of standard deviation γ=0.5. The calculated conductance is averaged over 80 random configurations. The size of the system is extended to infinity in the direction perpendicular to the current by introducing a unit cell of 16x16 atoms in the transverse direction and imposing periodic boundary conditions. After Tsymbal and Pettifor. Fig.41 show the resistance of bulk Cu, which was offset to fit the respective resistances of the Co 10 /Cu(d)/Co 10 trilayer at large Cu thicknesses. A sizeable deviation of the symbols from the solid lines is seen in Fig.2a at small d, which implies that the Co/Cu interface resistance depends on on the Cu layer thickness. This difference has opposite sign for the P and AP configurations. In the case of P magnetizations, the interface resistance increases with the Cu layer thickness for both the majority-and minority-spin electrons (the open circles and squares in Fig.41a ), which is due to the bound states within the Cu layer placed between the two Co layers. It is interesting that the minority electrons display a less-pronounced departure from linearity. This is due to the effect of disorder, which intermixes the closely lying Co d bands, thereby smearing out the potential well. Indeed, a separate calculation, in which no disorder was assumed within the Co layers, demonstrates much stronger non-linearity for the minority Co 10 /Cu(d)/Co 10 resistance (not shown). The situation is, however, different for the AP configuration. As is evident from the diamonds in Fig.41a , the interface resistance decreases with the Cu layer thickness. The effect arises from the very distinct electronic structures of the majority and minority bands in Co. In this case, scattering by disorder in the Cu layer assists the electrons which have passed the first Co/Cu interface to be transmitted across the second Cu/Co interface, reducing the interface resistance with increasing the Cu layer thickness. Open symbols show the resistance per spin of the majority (circles) and minority (squares) electrons for the P configuration and for the AP configuration (diamonds). In panel (a) the full symbols show the total resistance for the P (circles) and AP (squares) configurations and the solid lines display the bulk Cu resistance which was offset to fit the respective resistances for the trilayer at large Cu thicknesses. The disorder parameter is set equal to γ=0.6eV, which gives a bulk resistivity of 4.6µΩcm for Cu and 14.3µΩcm for Co. Solid lines in panels (c) and (d) display a linear fit of the resistances and the GMR calculated from this fit. After Tsymbal. 208 
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The dependence of the interface resistance on the layer thickness makes the Co/Cu interface resistance different for the P and AP configurations. This effects the variation of the resistance and GMR as a function of the number of the Co/Cu bilayers N in the (Cu/Co) N multilayer, which is shown in Figs.41c,d . 208 As is evident from the fit displayed in Fig.4a by the solid lines, the P and AP resistances increase in a nearly linear fashion as a function of N. This is exactly what one could expect from the series-resistor model. The reality is, however, more complex. The extrapolation of the linear fit to zero N results in different resistances for the P and AP magnetizations. For the P configuration we obtain 3.5fΩm 2 , which is by a factor of two higher than the value for the AP configuration of 1.8fΩm
2 . This enhanced value is a consequence of the thickness-dependent interface resistance. For the majority-spin electrons, which predominantly contribute to the resistance within the P configuration, the interface resistance is reduced for the small number of the Co/Cu bilayers. Although the thickness-dependent interface resistance saturates very quickly (almost within two-three repeats), it results in the offset of the resistance-curve origin between the P and AP configurations, as can be seen from Fig.41c . This leads to a very slow saturation in the CPP GMR, i.e. ∝ 1/N, which is evident from Fig.41d .
The fact that the interface resistance depends on the proximity of the other interfaces and bulk scattering rates is in agreement with the prediction of Butler et al., 209 who solved the Boltzmann equation in the CPP geometry including the scattering-in term and assuming that the electronic structure is different for different layers. They found that the interface resistance is affected by the exponential terms in the electrochemical potential that decays at a rate comparable to the mean free path. In the limit of uniform band structure they recovered the solution of the series-resistor model. The dependence of the interface resistance on the number of interfaces was found in recent calculations by Xia et al. 210 They modeled interface disorder using large lateral supercells within the TB-LMTO method, 211 which allowed them to treat specular and diffuse scattering on an equal footing. They demonstrated that in Co/Cu multilayers with 10ML layer thicknesses and intermixed interfaces the Co/Cu interface resistance decreases for both the majority-and minority-spin electrons with increasing number of bilayers. Very recently Shpiro and Levy 212 have investigated the form of the chemical potential in the presence of the diffuse and specular scattering at the interface between two semiinfinite metals by solving the linearized Boltzmann equation within a free-electron model assuming a potential step at the interface. They found that the interface resistance deduced from the voltage drop measured far from the interface is different from the interface resistance that would be obtained by measuring the voltage drop directly at the interface. They concluded that the interface resistance is dependent on the resistance in the adjacent layers and that one has to re-examine the parameters obtained from the analysis of CPP transport data on metallic multilayers that have been modeled by the series-resistor model.
Experimental evidence for the breaking down of the series-resistor model and the relevance of the mean free path to CPP GMR have recently been presented by Bozec et al. 213 They carried out an experimental study of the magnetoresistance R(H) in the CPP geometry for two types of magnetic multilayers, interleaved and separated, that differ only in the ordering of the magnetic layers: [Co(1nm)/Cu(20nm)/Co(6nm)/Cu(20nm)] N and [Co(1nm)/Cu(20nm)] N Co(6nm)/Cu(20nm)] N . Due to the different thicknesses of the Co layers, 1nm and 6nm respectively, these layers had different coercivities which resulted in the magnetization layer switching at different magnetic fields. The series resistor model predicts that in the CPP mode R(H) is independent of the ordering of the layers. Nevertheless, as is seen from Fig.42a , the measured R(H) curves are found to be completely different for the two cases. The maximum value of R(H) is much larger for the interleaved configuration than for the separated configuration. It was also found that the difference in GMR between the interleaved and separated configurations increases with increasing number of repeats N.
Calculations based on a realistic band structure and the Kubo formula show that the results of these experiments are the consequence of a long mean free path. 213 Fig.42b displays the calculated resistance versus thickness of the Co/Cu multilayer: the rightmost points in this figure determine the 84 resistance of the full (Co 10 /Cu 10 ) 4 structure. As is seen, the result of the calculations is in agreement with the experiments: GMR for the interleaved configuration is higher than GMR for the separated configuration. There are a few important points, which follow from this modeling. (i) With increasing disorder in the Co/Cu multilayer the difference in GMR between the interleaved and separated configurations becomes smaller and eventually disappears when the mean free path becomes much less than the layer thicknesses. This is due to the fact that in this limit the series resistor model becomes justified. (ii) There is no difference in GMR between the interleaved and separated configurations within a single band tight-binding model with spin-and layer-dependent disorder, which determines different scattering rates for the majority-and minority-spin channels and for various layers. This is in agreement with the models, which are based on a free-electron band structure for all layers. [41] [42] [43] (iii) The calculation reproduces the important feature of the experiments, namely, an increase in the difference GMR between the interleaved and separated configurations with increasing the number of the Co/Cu bilayers.
These results have been very recently confirmed by Kudrnovsky et al., 214 who used an efficient method for the first-principle computations of CPP GMR developed earlier. 211 The method is based on the recursive technique, which is implemented within the TB-LMTO method, and allows treating various types of disorder by using a lateral supercell confined to individual atomic layers. The sensitivity of the GMR ratio to the order of the magnetic layers was also found in the calculations by Sanvito et al. 215 within a simple tight-binding two-band model. An interesting prediction has been made by Mathon 216 who found an exponential growth of CPP GMR in magnetic multilayers with randomly varying thickness of the layers, which may reflect the island-like growth in epitaxial heterostructures. The predicted effect arises due to the localization of the electrons in both spin channels within the antiparallel configuration of the multilayer. The localization appears, however, as a result of disregarding other types of disorder in the multilayer. This assumption makes the system quasi one-dimensional with a random potential which localizes the wave function at the distance of the order of l loc~N λ, where λ is the mean free path and N is the number of open conducting channels in the one-dimensional system. The predicted large values of GMR will, therefore, be destroyed in real multilayers. The disorder-induced enhancement of GMR was recently found by Sanvito et al. 217 However, as was shown in ref. 208 , this enhancement is due to the small size of the unit cell in the transverse direction of the multilayer which was used in these computations.
All the above models assume that there is no spin-flip scattering and, therefore, the electrical current can be described independently within the two spin-conduction channels. In bulk 3d metals the probability of spin-flip scattering processes is normally small as compared to the probability of the scattering processes in which the spin is conserved such as electron-phonon scattering. It is only at temperatures comparable to the Curie temperature that spin-flip scattering processes due to electron-magnon interactions cause mixing of the electrons within the two spin channels. This means that spin is conserved over long distances and, therefore, the electrical conduction occurs in parallel for the two spin channels. These arguments allowed us to ignore spin-flip scattering when considering the CIP geometry, because CIP GMR is exponentially dependent on the mean free path, which is normally much shorter than the spin-diffusion length.
In the CPP geometry the situation is different. In the limit of large layer thicknesses the seriesresistor model predicts a constant GMR. This can be seen from equations (VI.3) and (VI.4): at large d=d NM =d FM the contribution from the interface resistances can be neglected and both AR AP and A∆R become proportional to d, which implies that CPP GMR is independent of the layer thickness. As has been shown by Valet and Fert, 218 this is not the case when a finite spin-diffusion length is taken into account. The model of Valet and Fert is based on a solution of the Boltzmann equation within a freeelectron model, which in addition to the usual electron relaxation term for the momentum takes into account the spin relaxation term due to spin-flip scattering. The spin relaxation balances spin accumulation, which is generated when the electrical current flows perpendicular to the interfaces due to the spin splitting of the chemical potential. 218 The spin-flip scattering determines the spin-diffusion length -a scale that controls the distance over which Mott's two-current model holds. The model of Valet and Fert predicts that at large layer thicknesses CPP GMR decays exponentially, the length scale of this decay being determined by the spin diffusion length. In the limit when the layer thicknesses are much shorter than spin-diffusion length, this model reduces to the series-resistor model, 197 in which the resistances of the multilayer are described by equations (VI.3) and (VI.4). The model of Valet and Fert has been extensively used to treat the experimental data on CPP GMR and to extract the values of the spin-diffusion length in various ferromagnetic and non-magnetic metals and their alloys. In particular, Yang et al. 219 have shown that the spin-diffusion length in Cu and Ag can be dramatically shortened by doping these metals with Pt and Mn impurities. This shortening of the spin-diffusion length was ascribed to the spin-flip scattering associated with the spin-orbit coupling at Pt sites and with the spin-spin coupling at Mn sites. An unexpectedly low spindiffusion length was found for permalloy in experiments on Ni 80 Fe 20 /Cu/Ni 80 Fe 20 exchange-biased spin valves using superconducting contacts 220 and in experiments on electrodeposited Ni 80 Fe 20 /Cu multilayered nanowires. 221 We refer the reader to the reviews 22, 24, 28 and original papers cited in these reviews for a detailed discussion of these and other studies of the spin diffusion length in various metals. Here we would like to note that these investigations do not take into account the influence of the finite-size effects on the interface resistance described above. The departures from the seriesresistor model is normally interpreted in terms of the contributions from spin-flip scattering either in ferromagnetic or in non-magnetic metals. For example, Park et al. 222 80 Fe 20 spin valves and interpreted the observed exponential variation of A∆R=AR AP −AR P as a function of the metal layer thickness d in terms of the spin memory loss in the bulk of these metals and at the Cu/M interfaces. This variation might, however, be caused by the layer-thicknessdependent interface resistance, which approaches its asymptotic value exponentially, scaling with the mean free path (see Fig.40b ). In order to clarify this matter it would be very useful to compare the results of such or similar experiments with accurate calculations of CPP GMR based on realistic band structures.
VII. CONCLUSIONS
Giant magnetoresistance is the large change in electrical resistance of metallic layered systems when the magnetizations of the ferromagnetic layers are reoriented relative to one another under the application of an external magnetic field. This reorientation of the magnetic moments alters both the electronic structure and the scattering of the conduction electrons in these systems, which causes the change in the resistance. Various types of magnetic layered structures have been found which show sizable values of GMR. Highest values are obtained in magnetic multilayer structures, such as Fe/Cr and Co/Cu, which remain attractive from the point of view of studying the fundamental physics involved. The exchange-biased spin valves show a combination of properties that make these systems more useful for applications in low-field sensors, such as read heads for magnetic recording.
The discovery of GMR has stimulated significant progress in the theory of electronic transport in magnetic layered structures. First theories were based on simplified band structures, such as freeelectron models or single-band tight-binding models. These models are physically transparent and, though simple, capture some important physics of GMR. For example, a free-electron theory based on the semiclassical description of electronic transport provided an understanding of the thickness dependence of CIP GMR in magnetic multilayers and spin valves. However, these simple band models have no predictive power for the quantitative description of GMR and, therefore, incorporating an accurate band structure of the multilayer within the theory of GMR is crucial. Another important ingredient for the predictive modeling of the conductivity and magnetoresistance in real metallic layered structures is using a quantum-mechanical theory of transport. The semiclassical Boltzmann transport theory can only be applied in systems with sufficiently low defect/impurity density. It breaks down in magnetic multilayers of practical interest because the subband energy splitting is comparable with the life-time broadening due to scattering. In these circumstances the quantum-mechanical theory within an accurate multiband treatment of the electronic structure is the only way to make definitive statements about the origins of GMR.
The principal challenge for first-principle modeling lies in the realistic description of the defect scattering. A reliable approach must include contribution to the resistivity from intrinsic structural defects, which are always present in experimental conditions. However, proper first-principle treatment of all the existing defects in the multilayers is very complicated and, therefore, reliable simplified models become of great importance. The presence of structural defects may also be decisive for predicting realistic values of the scattering spin asymmetries of impurities, since some results obtained in the dilute limit in the absence of structural defects disagree strongly with experiment. Including misaligned magnetic moments at the interfaces in the transport theory is an important issue, which has not yet been considered in detail. Progress in developing a fully relativistic theory of transport may help to elucidate the influence of spin-orbit scattering on GMR and to calculate the spin-diffusion length in those cases when it originates from the spin-orbit interaction at some impurities. Considering the effect of the electron-phonon scattering is important for a description of the temperature dependence of GMR. Little has been done to include this mechanism of scattering in the theory to date. The problem is, however, very complicated − it is already difficult to calculate the temperature dependence of the resistivity of bulk non-magnetic metals.
Recent experimental and theoretical results indicate that the mechanism of GMR within the CPP geometry has not yet been fully understood. It has been believed for a long time that the only relevant scale which governs CPP GMR is the spin-diffusion length: once the overall thickness of a magnetic multilayer is shorter than the spin-diffusion length, the series-resistor model becomes valid, in which there are no relevant lengths except the layer thicknesses. It appears, however, that if the layer thicknesses are less than or comparable to the mean free path the interface resistance depends on the layer thicknesses making the series-resistor model inapplicable. The mean free path becomes, therefore, an additional scale, which controls CPP GMR. The application of the series-resistor model is not in general valid for analyzing experimental results, even when the spin-diffusion length is 87 infinite. On the other hand, deviations from the series-resistor model do not necessarily imply that spin-flip scattering processes cause these deviations. Thus, one has to re-examine the parameters obtained from experimental data that have been modeled by the series-resistor model. Comparison of experimental results on CPP GMR with calculations based on accurate multiband models is greatly desirable.
An interesting issue, which has not been reflected in this article, is spin transport through a domain wall in thin films and magnetic nanowires. [223] [224] [225] [226] [227] [228] [229] The magnetic configuration in the system which consists of two ferromagnetic domains separated by a domain wall closely resembles that of a GMR magnetic trilayer: the two regions of oppositely pointing magnetizations are separated by a spacer region, i.e. by the domain wall. The magnetoresistive effect associated with the domain wall in bulk ferromagnets is relatively small due to the large thickness of the domain wall, which is of the order of 1µm. Although the domain wall width can be reduced in thin films the magnetoresistive effect is still small (less than 1% 223 ). Nevertheless, the domain wall magnetoresistance is interesting from the fundamental point of view where there is still some controversy in our understanding of this phenomenon. 227 In addition, the domain wall can be made very abrupt in nanocontacts, 230 which gives the opportunity to observe strongly enhanced magnetoresistance 231 and spin-dependent conductance quantization. [232] [233] [234] Spin valves containing an antiferromagnetic oxide layer, such as NiO, for exchange biasing and a noble metal overlayer are of increasing interest. This is due to the enhanced values of GMR which can be obtained in these spin valves and which makes them attractive for applications. These enhanced values are explained by the specular scattering of the electrons from the ferromagnet/oxide and ferromagnet/noble metal interfaces. If fully specular reflection on both sides of the FM/NM/FM trilayer is created, the physical situation becomes similar to that of a FM/NM multilayer, resulting in a large gain in the GMR. Unfortunately, the structural quality of the trilayers is normally not as good as the corresponding multilayers, which effects negatively GMR in the spin valves. Recent experimental studies show that the mechanism of specular scattering from ferromagnet/noble metal interfaces does not explain all the available experimental results. 94 Other effects seem to be important and require further investigations both in theory and in experiment. In addition, very recently the enhancement of GMR was found in spin valve structuress containing nano-oxide layers in the pinned or free ferromagnetic layers. 235 The mechanism of this enhancement is not completely understood and requires further research.
From the point of view of applications, improvement in the structural integrity of the spin valves is crucial. The microstructure affects strongly not only the transport properties but also the magnetic characteristics. 236 The correlation between the microstructure and micromagnetics is a challenging issue, which requires further investigations. In particular, we need to study the influence of defects on the creation of domain walls in the process of switching and the magnetization ripple in nanoscale films. The mechanisms of exchange biasing and the search for antiferromagnetic compounds which are suitable as exchange biasing materials are other important issues for the applications of spin valves. 45 Finally, although magnetoelectronics applications based on magnetotransport phenomena distinct from GMR, such as tunneling magnetoresistance or spin injection into semiconductors, have recently started to attract more and more attention, 237 the physics of GMR in metallic layered structures is so multifaceted that it will undoubtedly remain the subject of great interest in the future.
